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PREFACE. 


: direct- and alternating-current machinery. Care 
taken to remain strictly within the province of design; 
being assumed to possess knowledge of the principles 


tion of electrical machines. The designs are carried out 
to methods developed in actual practice and are sup- 
d by data and dimensions of lines of machines actually 
Faeaint of the largest American and European companies. 

; is divided into two parts: one treating the design of 
urrent machines, and the other that of alternating-current 
es; each part being followed by a list of questions which 
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SYMBOLS 


USED IN DYNAMO CALCULATION, 


The following is a list of the principal symbols used in connee- 
tion with dynamo calculations: 


AT = Total number of ampere turns. 

at, ia meppsre turns required for armature core. 

at, = e oe ‘* air gaps. 

atm _ ees zit < ‘* magnet frame. 

at, = ee ay * ‘* armature reaction. 
B, = Radial thickness of armature core. 

B, = Magnetic flux density in armature core. 

B, = +16 e ‘*  ** air gaps (field density). 
B. = 7 we ‘< ** magnet frame. 

C = Current. 

c¢ = Circumferential current density. 

C. M. = Circular mils. 

DD. = Diameter of armature core. 

Go = ne ‘¢ conductor. 

Dyn = “* — * magnet core. 

dn —_ ‘<“ 66 6< wire. 

E = EK. M. F. of armature. 

E' = Counter E. M. F. of motor. 

Eff = Efficiency. 

g = Factor of eddy current er in armature. 

t 2 = Freauency 

PD = Flux rs | 
ha = Height of winding space on armature (depth of slot). 


H. P. = Horse-power. 
4 = Factor of hysteresis loss in armature. 
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K. W. = Capacity of dynamo in kilowatts. 


k = Percentage of power loss in armature. 
L, = Length of armature core. 
eS = cn ‘* active armature conductor. 
qs = Total length of armature conductor. 
Tg = Length of magnet core. 
Ae — ibe +9 $ wire 
- Iu AEN ‘* magnetic circuit. 

l, eee ies ‘* mean turn of wire on magnets. 
x = Factor of magnetic leakage. 
M = Mass of iron in armature core. 
m = Ratio of length to diameter of armature core. 
m' =  ‘* ** yadial thickness to diameter of armature core. 
N = Number of inductors on armature. : 
n ES Gian ‘* revolutions per second. 
n = es #3 - ‘* minute. 

1 
Np = = ‘* pairs of magnet poles. 
Ny = 2 «< « —« parallel armature circuits. 

Riz 

Pa = Total resistance of armature wire. 
r,, = Resistance of armature winding, cold. 
r.' ae 6“ ‘ce 6c 6c warm 

a — © 
p = Specific resistance of wire (ohms per foot). 
S. = Cooling surface of armature. 
Sn = Cross-section of magnet frame. : 
Sw = Total area of winding space on armature. 
Sw = Available area of winding space on armature. 
Ss = Specific cooling surface of armature. 
Vv = Peripheral velocity of armature. 

W = Capacity of dynamo, in watts. 
Ws, = Watts.consumed in armature winding. 
We etd zt by eddy currents. 
Wy = * a “* hysteresis. 


wt = Weight, in pounds. 


THE DESIGN OF DIRECT-CURRENT 
DYNAMOS AND MOTORS 


INTRODUCTION. 


1. Branches of Science Involved in Dynamo De- 
sign.—The following discussion of the design of dyna- 
mos and motors will be confined to the consideration of 
direct-current machines. 

The design of a dynamo and motor relates to three essen- 
tial parts: first, the armature carrying the conductors in 
which the electric energy is generated or absorbed; second, . 
the field magnet that produces the magnetic field or flux 
in which the armature revolves; and third, the various 
mechanical parts and arrangements necessary to carry 
out the electrical and magnetic actions. Thus, three 
great branches of science—electricity, magnetism, and 
mechanics—are involved. 


2. General Method to be Followed.—In taking up the 
design of a dynamo or motor, the mind should not be 
allowed to jump at conclusions or immediately settle upon 
some particular solution of the problem. The question 
should be considered from all points of view before any 
one point isdecided. Oneshouldalso endeavor to be free 
from prejudices and not blindly follow custom. On the 
other hand, it is a mistake to attempt radical or’ sensa- 
tional departures from well-established practice. By al- 
ways striving for simplicity and directness, the latter 
danger is generally avoided. 

Certain quantities entering the calculations are not pre- 
scribed and must be assumed by the designer.: If he 
is experienced, usually the first or second assumption of 
the variable quantities will lead to a satisfactory result. 
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3. 


4. 


The beginner, however, will generally be so wide of the 
mark that numerous recalculations are necessary to learn 
the effect of the different variable quantities upon the re- 
sult, and to arrive at a successful solution. The more 


trials that are made intelligently in this way, the more 
‘information is gained by the student. It is not wise, 
however, to carry out preliminary calculations elaborate- 


ly, because it wastes time and is discouraging if they are 
found to be incorrect.’ One should have the moral cour- 
age to change or discard drawings and results when they 


are not right. 
It is a common mistake to trust blindly to formulas which 
are merely shorthand, and, unless they are thoroughly 


understood, are very likely to give wrong results. Each 
quantity should be carefully scrutinized to make sure of 
its significance and relation to the other factors involved. 


Parts of a Dynamo or Motor.—The chief parts of 
these machines are the armature and the field magnet. 


The latter is usually stationary, and iscombined with the 
base and bearings to form what is called the frame of 
the machine. Inalternating current machines it is quite 
common t) have the field magnet revolve and the arma- 
ture stationary. This arrangement is very rarely at- 
tempted in diract-current dynamos or motors, because it 
necessitates ths rotation of the brushes and renders their 
adjustment extremely difficult. 


It is better to consider the armature first, because it is the 


most important element of the machine, and the other 
parts should be made to conform toit. As a matter of 
fact, any purt will have to be considered with reference 
to the others, but it is neces:ary to take up one at a time, 
and usually to go back and modify the first ones after 
the others have been evolved. 


Forms in which the Problem presents Itself.—In 


most cases the object of designing a dynamo or motor is. 
to produce a machine which will fulfill certain specified 
conditions. . 
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A generator is usually required. to develop either a given 
current, C' amperes, or a certain electrical power, K.W. 
kilowatts, at a given voltage, H, and at a prescribed 
speed, n, revolutions per minute. The value of the cur- 
rent, if the problem is given in the latter form, may be 
found by dividing the output, in watts, by the #. M. F., 
in volts; ; or in symbols: 


1,000 K. W. 
PES sila is. SAI ST ee a a 1 
C= a (1) 


where C = current, in amperes; 
K. W. = electrical power, in kilowatts; 
E = KE. M. F., in volts. 

A motor is ordinarily designed to develop a given number 
of mechanical horse powers, H. P., at a certain speed, n, 
revolutions per minute, when supplied by a given volt- 
age, EH. 


5. ‘Method of Motor Calculation.—In order to enable 
a motor problem to be treated in the same manner as the 
design of a generator, the H. P. may be converted into 
K. W. by multiplying the former by .746; and the coun- 
ter EK. M. F., EZ’, of the motor may be assumed to be from 
1 to 5 per cent. less than the supply voltage, H, depending 
upon the size and type of the motor. The difference be- 
tween EF and LE’ is usually between 7 and 2 per cent. for 
large machines of 100 H. P. and more, and about 4 or 6 
per cent. for small machines of 7 and? H. P. If the 
speed of the motor is abnormally low, to enable it to be 
directly connected to printing presses, blowers, etc., the 
difference between the direct and counter E. M. F. is cor- 
respondingly greater. The following values, therefore, 
enable a motor to be treated the same as if it were a prob- 
lem in dynamo design: 


Outoute i Wo TAO PEP iit caccec sess (2) 
Counter E. M. F.: Fes 0R EE 10490 BE is oe ee (3) 
Current: O'= Aa (4) 


EX Bf. Bee 2 ee 
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In (4) the average values of the electrical efficiency of 
motors given in Table 1 may be used: 


TABLE 1. 
EFFICIENCIES OF MOTORS. 
Z Average Average Commercial 
Size of Motor. Electrical Efticiency.| or Total Efficiency. 

+H. P. .90 75 
a r . 92 es 80 
3) sy 94 -85 
10 2 95 87 
20 ee , . 96 .88 
50 ia 97 91 
iS gt 98 92 
200 sl .98 93 
500 cp 985 94 
1000 “s .989 095 


In Table 1 the average values of the commercial or total 
efficiencies of motors of various sizes are added for com- 
parison and reference. 


It is possible to design a motor in terms of H. P., torque, 
etc., instead of K. W., current, etc., but the advantage 
of using the same formulas for both kinds of machines 
warrants the adoption of the above method. Any errors 
in assuming H’ or the efficiency are not likely to be more 
than a few per cent., and can be subsequently corrected. 


6. Forms of Armature.—The four principal types of arma- 
ture—ring, drum, pole, and disc—have already been 
described in previous lessons. At the present time, only 
the first two forms are important, the pole armature not 
being used except in small toy motors or dynamos, and 
the disc armature being adopted in but a single type of 
direct-current machine—the Desroziers dynamo made in 
France. 

The chief advantage of the ring armature lies in the fact that 
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the coils which differ considerably in potential are widely 
separated from one another. For this reason the ring 
armature is preferable for very high voltage machines, 
such, for example, as_ series are lighting generators. 
Formerly the ring armature had the advantage over the 
drum that single coils could be taken off and replaced 
without disturbing the rest of the winding; but the gen- 
eral use of formed coils for drum armatures, which is 

now the common practice, enables the same thing to be 
done in their case with almost equal convenience. 

The great advantage of the drum form is due to the fact that 
it can be directly and securely mounted upon the shaft. 
In some cases armature cores are carried upon spiders, so 
that they may be wound in either the ring or drum 
fashion as desired. The latest practice seems to tend 
toward the adoption of the drum in preference to the ring 
type for small and medium size machines. This matter 
will be understood more clearly when the details of form 
and construction have been more fully considered. 


%. Armature Cores.—If the core of the armature were 
made of one solid piece of iron, currents would be set up 
in it, since the outer portions of the core cut magnetic 

' Sasi lines, exactly as the armature conductors themselves. 

. The useless currents thus generated, called Foucault or 
eddy currents, consequently flow in the same direction as 
the armature currents, that is to say, ordinarily in a di- 
rection parallel to the shaft of the armature. In order to 
prevent these eddy currents, which consume power and 
also cause heat, from flowing, it is, therefore, necessary 
to intercept their path by subdividing, or laminating, 
the core perpendicularly to the shaft. 

The usual plan is to build up the core of discs or rings of 
sheet iron, lightly insulated from one another, so that the 
magnetic lines can pass freely through each disc, but the 
eddy currents which tend to flow perpendicularly across 
the discs are stopped by the insulation between the lat- 
ter. Since the eddy currents tend to flow in the same 
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direction as the useful currents in the conductors, the 
core should always be. laminated parallel to the lines of 
force and to the direction of the motion. 


8. Wire Cores.—Iron wire has been employed for arma- 
ture cores, and possesses the advantage of very com- 
plete subdivision and of being easily wound in a ring or 
drum of any desired size or form. A wire core has, 
however, the disadvantages of promoting magnetic dis- 
continuity, of constituting a poor mechanical construc- 
tion, and of entailing loss of space between the wires, 
especially if they are of circular cross-section. 


9. Core Dises.—Discs or rings are almost always used for 
armature cores, and are punched or cut out of the softest 
sheet iron or mild steel, a special quality being manufac- 
tured for this purpose. The thickness is usually from 
.01 to .03 inch, astandard size being .022 inch. The same 
thickness is often employed for all sizes of machines, in- 
cluding the largest as well as the smallest, being adopted 
because it is convenient to handle and to punch, and is 
sufficiently thin to reduce the eddy currents to a small 
value. 

For armatures less than about 2 feet in diameter, each core 
disc is a complete ring in one piece, but armatures of 
larger diameter are built up of a number of sectors in 
order to facilitate their punching and handling. 


10. Effective Cross-Section of Armature Core.—The 

: laminz were formerly insulated from each other by 
tissue paper, paint, varnish, or rust, but the usual 
practice at present is to simply rely upon the oxzde coat- 
ang on the surface of the discs. 

An armature core composed of such sheets, and forced to- 
gether by heavy hydraulic or screw pressure, is found to 
contain from 85 to 95 per cent. of its volume of iron, the 
rest being made up of insulation, scale, and small air 
spaces due to slight inequalities in the sheets; hence the 
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effective cross-section or magnetic carrying capacity of 
such a core is from 15 to 5 per cent. less than that of an 
equal volume of solid iron of the same permeability. 

The effective cross-section of the armature core is further 
reduced by the presence of ventilating spaces, or holes, 
which are often left in the armature core. 


41. Advantages of Toothed Armatures.—In the 
toothed or slotted armature (Fig. 1), which is now 
largely superseding the smooth form, the conductors 
are wound in the slots between teeth or projections 
formed upon the main body of the core. This type, also 


Fic, 1.—TooTHED ARMATURE, 


called the Pacinotti armature, after its inventor, has 
the following advantages over the smooth core: 
_1. The reluctance of the air-gap is reduced to a minimum. 

2. The armature conductors are protected from injury. 

3. The conductors are firmly held in place and cannot slip 
on the core by the action of the electro-dynamic force ex- 
erted upon them. 

4, Eddy currents in the armature inductors are avoided, 
since the magnetic lines snap across the latter instantly.* 

5. If the teeth are practically saturated by the field magnet- 
ism, they oppose the shifting of the lines by armature 
reaction. . 


*This point will be considered further under the head of Eddy cur- 
PENS ei" _. rents in armature inductors. ° 


ea) 
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Disadvantages of Toothed Armatures.—The dis- 
advantages of the toothed armature core are:— 

1. It is somewhat more expensive to make. 

2. The teeth tend to generate eddy currents in the pole- 
pieces. 

3. The self-induction of the armature coils is increased. 

The second difficulty can be practically overcome by mak- 
ing the distance between the teeth at their ends not more. 
than 2 to 3 times the air-gap, so that the lines can spread 
from the corners of the teeth, and become nearly uniform 
on the pole-faces, as represented in Fig. 2. If the slots 
near the periphery are wider than three times the length 

_ of the air-gap, as shown in Fig. 3, there will be spaces, 
M, on the pole-pieces, where there are practically no lines. 


LUA’ Wi “WP: 
WUT 
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Fias. 2 AND 3.—DISTRIBUTION OF Fic. 4.—PERFORATED 
MAGNETIC LINES ON POLE-FACE ARMATURE. 
WITH TOOTHED ARMATURE, UN- 

DER VARYING CONDITIONS. 


These spaces will move across the pole-faces, and the shift- 
ing field thus produced tends to induce eddy currents in 
the pole-pieces, which should in such cases be laminated 
or grooved in the direction of motion of the armature, in 
order to reduce the flow of these wasteful currents. In 
some cases the entire armature has been covered with a 
thin layer of iron wire, producing a continuous maguetic 
surface. The same effect is obtained by perforating the 
edge of the armature core, as shown in Fig. 4, instead 
of having open slots. The objections to both of these 
latter forms are their increased self-induction and the 
fact that a certain magnetic leakage occurs through the 
iron outside of the inductors. 
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PRELIMINARY CALCULATION OF ARMATOURE.: 


13. Preliminary Determination of Dimensions of 
the Armature.—There is no absolute rule for deter- 
mining the size of an armature, since it depends upon 
many conditions which cannot be included in a formula 
or covered in any general way; nevertheless there are 
several facts that will aid us in assuming an approximate 
size, which can be modified later if found incorrect. In 
point of fact, as already stated in the introduction, it is 
almost an advantage if several different sizes are tried 
before arriving at the right one, since it gives a broader 
view of the question and enables one to choose finally the 
best size, al! things considered. 

The chief points to consider in arriving at the size of an 
armature are: 1. Peripheral speed. 2. Cooling sur- 
face. 3. Space for inductors. 4. Surface covered by 
pole-pieces. 


14. Peripheral Speed of Armature.—One guide in ob- 
taining the diameter of an armature is the fact that the 
peripheral velocity, v, must be kept within the limits 
established by practice, that is, between 7,500 and 6,000 
feet per minute, 3,000 being a common value. Since the 
peripheral velocity of an armature may be expressed as 
the product of the armature circumference, in feet, by the 
number of revolutions per minute, or 


Dx 
12) X Miy seeeeeeerecece. (5) 


the approximate diameter, D,, of the armature, in inches, 
can be found by the following equation, when ,, the 
number of revolutions per minute, is known: 


Do = 22 a ease% Lesh PRO a age ae (6) 


Nn, 4 


The value of v in (6) should be taken within the limits 
given in Table 2, according to the kind of machine. 
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TABLE 2. 
ARMATURE SPEEDS FOR VARIOUS KINDS OF DYNAMOS. 
Peripheral Velocity, 
Kind of Machine. elation! pri pcnese 
Usual Limits. | Average. 
High-Speed Ring Machine......... 3,000 to 6,000} 4,500 
Mediui-Speed Ring Machine...... 2,000 ** 4,000] 3 000 
Drum-Armature Machine.......... 2,000 ** 4,000] 3,000 
Low-Speed Direct-Driven Machine ./1,500 ‘‘ 3,000} 2,250 


The lower limit in all cases refers to small dynamos, while 
the upper limit refers to large machines, the average in 
each instance corresponding to a size of about 100 K. W. 
For machines below that size, therefore, use a value 
smaller than the average, and for machines above 100 
K. W. take a value between the average and the upper 
limit. The general average of 3,000 feet per minute is a 
good practical value for belt-driven drum armatures of 
from 10 to 300 K. W. capacity, and for direct-driven 
machines of from 500 K. W. output up; while for high- 
speed ring armatures it applies only to sizes smaller than 
4K. W. 


15. Approximate Cooling Surface of Armature.— 
Another method of predetermining the size of an arma- 
ture is based upon the surface required to dissipate the 
heat generated within the armature. There is some un- 
certainty as to what surface we are to consider the cool- 
ing surface of an armature. 

For a drum armature we will here take it to be the sum of 
the cylindrical surface of the armature core and of the 
area of a circle the diameter of which is the external 
diameter of the core, or 


8. = DizL, + Diz Sena rece (TY 


where D, is the diameter, and L, me Lesiestl of the arma- 
ture core. Ina drum armature, then, only one of the 
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two end surfaces A, B, Fig. 5, is taken into account, 
which is done for the reason that the surface B, which is 
near the commutator C’, receives heat from the latter by 
radiation and convection as well as by conduction through 


<77 | 
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Fic. 5.—CooLiInG SURFACE OF DRUM ARMATURE. 


the armature conductors. It is, therefore, wise to con- 
sider this surface, B, as part of the cooling surface of the 
commutator, which is usually the hottest part of the ma- 
chine. 

Expressing in the above formula (7) the length Z, as a mul- 
tiple, or ratio, of the diameter, or L, = mD,, where m is 


ey 


is) 
8 


traces 
f 


wane ----0-------- 
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Fia. 6.—CooLina SURFACE OF RING ARMATURE. 


this shape-ratio of the armature, the approximate cooling 
surface of a drum armature can be expressed as: 


S. = D.xzmD, + De = D,'x(m + 4), .cceceeeee (8) 


which contains only the diameter and the shape-ratio. 
In the case of a modern ring armature, usually the total core 
surface is open to the access of air; hence, the entire core 
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surface can in most cases be considered as cooling sur- 
face. If, however, the construction of the armature is 
such that the inner surface or one of the end surfaces is 
covered up, the area so covered must be excluded from 
the calculation of the cooling surface. The total surface 
of a ring having a diameter D,, a length L,, and a radial 
depth B,, Fig. 6, is given by the formula: 


S, = (D, — Ba)e * AB, +B eee ee (9) 
Expressing both the length and the radial thickness of 
the ring as multiples of its diameter, L, = mD, and 


B, = m'D,, we obtain: 
S, = 2a x (D, — m'D,) XK (mD, + m'D,) 
= 2a X D,* X (1 — m’) X (m + m’).......(10) 


16. Determination of Armature Diameter by Cool- 
ing Surface.—lIt is found that from 4 to 1 square inch 
of cooling surface is needed to liberate the heat resulting 
from each watt of power lost in the armature. This in- 
cludes not only the copper, or C*R, loss due to the resist- 
ance of the armature winding, but also the iron loss, or 
core loss, due to hysteresis and eddy currents. These losses 
are not definitely known in the beginning, but it is rea- 
sonable to assume that they will be from J to 3 per cent. 
of the total power in large machines of 400 K. W. and 
over; 3 to J per cent. for machines of about 100 K. W.; 
4 to 6 per cent. for sizes of about 50 K. W.; 5 to8& per 
cent. for 10 K. W.; 6 to 10 per cent. for  K. W.; 8 to 12 
per cent. for 7. K. W.; and up to 20 and even 24 per cent. 
for very small machines, such as battery motors, etc. 


The cooling surface, in square inches, required in any case 
is, therefore: 


Sax kh eH, Coco ne ccceccc cr sestccce (11) 
in which W = capacity of dynamo, in watts; 


s = specific cooling surface, 
= .5to 1 square inch per watt of power loss; 
and k = percentage of power loss in armature (see 
Table 3 for average values). 
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TABLE 83. 
‘POWER LOSS IN ARMATURES OF VARIOUS SIZES. 
Percentage of Power Loss, &. 
Size of Machine. 
Usual Limits. Average. 
Above 500 K. W .01 to .03 .02 
Between 500) and 100 ‘* ‘¢ 02: ** 06 -035 
ty Pr eS BO SF <8 OP OF .045 
| Eta 18 9 cali te -04:**-.08 .06 
‘hg a Ss Sie teatl OBS ** 10 .075 
66é 5 ce 1 66 666 .06 €é <t2 .09 
Below -1¢¢2.% 210: ** 30 15 


Substituting in formulas (8) and (10) the value of S, given 
in formula (11), we obtain: . 


for drum armatures: D,?x( m++)=sxkx W, or 


Doa=za/SXkXK W 
7H SR (12) 
for ring armatures: 27 D,?(1—m') (m+m')=sxkx W, or 
Do= phe Jal Aa. 13 
V oe et (ue-+m’) di 


Since in formula (12) one of the end surfaces is neglected, 
woereas in (13) the entire core surface is considered as 
cooling surface, the actual cooling surface of a drum 
armature is larger than that given by (8), while the 
effective cooling surface of the ring armature is smaller 
than the value found by (10). Consequently, in order to 
reduce both formulas to the respective actual cooling sur- 
face, it is necessary to take a somewhat larger value of s 
for a ring armature than for a drum, in spite of the fact 
that the former, owing to its better ventilation, will re- 
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quire less cooling surface than the latter in order to dis-. 
sipate equal amounts of heat. The student should use 

= .6to.75 in (12) for drum armatures, and s = .75 to 
Zin (18) for ring armatures. 


In practice the shape-ratios m or m' in the above formulas 


are usually known from previous designs of the same 
type; but if their approximate values are not given in 
this manner, a number of assumptions of m and m' may | 
be made within the limits compiled in the following 

Table 4: 


TABLE 4. 
SHAPE-RATIOS FOR DIFFERENT ARMATOURES. 
. Ratio m’ of Radial 

Kind and Size of Armature. — bei Berti. xt Thickness to 

; Diameter. 
Ring, above 100” Diameter... . 15 to .25 .05 to .10 
Ring. from 100” to 20” Diam. 

ChE. Pes tion atinss hclsaented Se bar 2 .08 ** ,25 
Ring, below 40” Diameter .. 208 t, 10 * .80 
Drum, above 30” a oD ae 
Drum, from 10” to 30” Diam 

ORAE coos 1c as hahaa eax ewes 70." 2 e — 
Drum, below 10” Diameter... . o. ote — 


A comparison of the value calculated from (12), or (13), 


respectively, with that previously obtained from (6), will 
assist the designer in deciding upon the final diameter of 
the armature. The student, who naturally lacks the ex- 
perience of a professional designer, should also consult 
the dimensions of existing machines of similar output and 
speed, tables of which are given in Par. 19. 


1%. Example of Drum Armature.—Find the approxt- 


mate diameter of adrum armature fora 50 K. W. 
belt-driven generator to run at 500 revolutions per 
minute, 


Solution.—Taking the value of 3,000 for the peripheral 
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velocity. in accordance with Par. 14, we have from for- 
mula (6) : 
 -D, = 38x SY = 22.8 inches. 
According to Table 3, the percentage of power loss in 
the armature of a 50 K. W. dynamo ranges between .04 
and .08; a good value for a high-class machine therefore, 
is k = .06. The specific cooling surface, according to 
formula (11), can be taken between .5 and | square inch 
per watt; using the average value, we have s = .75. 
For adrum armature of the above found diameter. a good 
shape-ratio is = 1.2 (see Table 4, page 14); hence, the 
approximate diameter of the armature, from formula (12): 


75 X .06 X 50.000 2250 _ ; 
Ds ay / x (1.24+9%) =y/ eH ral ies ties 
This being practically the same as the value obtained 


above from formula (6), the nearest even value between 
the two results, or D, = 224’, may be decided upon. 


18. Example of Ring Armature.—Compute the diam- 
eter of a ring armature for a 200 K. W. direct- 
driven generator which ts to run at 1975 revolutions 
per minute. 


Solution.—The peripheral velocity should in this case be 
taken v = 2.250 feet per minute (see Table 2, page 10); 
hence, we have by (6) : 

2250 ; 
Dp, = 3.8 X to 48.8 inches. 

For the case in hand, the specific cooling surface should 
be taken between .75 and 1; let us assumes = .8. The 
percentage of power loss in the armature of a direct- 
driven 200 K. W. dynamo is about 4 per cent.; hence, 
k= .04. From Table 4, the average ratio of length to 
diameter in this case is m = .375, and the average ratio 
of radial breadth to diameter is about m' =.15. Insert- 
ing these values into (13), we have: 


8 X .04 X 200,000 _,/6400 
D. =\/ oan x (1 — 16) X (8% + 16)" og ESS ins. 
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. The diameter required to give an adequate cooling surface 
being somewhat smaller than that for which the per- 
ipheral velocity is just right, a value between the two 
results obtained may be taken. Their average is about 


D, = 48% inches. 


19. Tables of Dimensions of Modern Dynamos.— 
In order to ‘guide the student in the selection of values 
for the various variable quantities which he has to 
assume in the ‘course of a dynamo calculation, tables of 
dimensions of modern machines are here given, covering 
all the usual cases of dynamo design. The tables include 
drum as well as ring armature machines, and give the 
principal dimensions for high, medium, and low speeds, 
for all ordinary sizes. In Tables 5 to 10 the dimensions 
of some of the machines of the Crocker-Wheeler, Gen- 
eral Electric, and Westinghouse Companies are com- 
piled, and in Tables 11 and 12 the armature dimensions 
of all the machines contained in Tables 5 to 10 are 
tabulated according to size and speed, so as to be readily 
employed for reference. 

In the case of an example calling for the design of a 
machine which is to run at a speed not sufficiently near 
any of the speeds given for that output in Tables 11 or 
12, astandard of comparison may be obtained by inter- 
polating between the next higher and lower speeds found 
for the same output and typeof armature. For instance, 
if a 200 K. W. ring-type dynamo is to be calculated for a 
speed of 300 revs. per min., the result of equations (5) 
and (9), or (10), respectively, should be compared with 
the diameter obtained by interpolating between the di- 
mensions given in Table 11 for the 200 K W. high- speed 
ring armature and the 200 K. W. medium- speed ring 
armature, thus: 


Diameter, 200 K. W. ring armature, 450 revs per min. ........ 8214 ins.. 


a mn * Zn i TUB: oh Ete Sen 01.2. aa Me eee 
oy 2007 «3° 3 '" 800 ‘* ‘*  ** by interpolation: 


450 — ah : 


8216 +4 [= x (50 — 82 4) = 82} + 94 <= 42 inches. 


j 


=a 


ee 
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Fic. 7.—CROCKER-WHEELER BIPOLAR MOTOR. 


TABLE 5. 


DIMENSIONS OF CROCKER-WHEELER BIPOLAR MEDIUM- 
SPEED RING-ARMATURE MOTORS. (See Fig. 7.) 


H. P. be.w. R.p.m.| Weight.|| A B Cc D E F G H J K L 

1} 1800} 19 || 734] 842} 814; 3 | ig} aa {sea |2 | 58] 5a 
4 15] 1600 | 27 |] 9s ate at 44/14/12] 44/1 | 18 a 64 
i |] 25] 1400 | 70. |I1445| 6g | 744] 6 | 14 | xe | 68 | 22 | 12 |118 | 88 
f },-8 | 2200 | 400 fire ss | ont) 7 28 | 84 | THA] 8 | 28 [1ayel10 
1 |. | 1000} 205 |iiyi | 92 | 98°] 72°] otal 82 | gpl 84 | Qli4meliaa 
2 |lt.5 | 975| 288 leet [108,119 | 88 | 23°| alto 4 | 3elt7d tad 
8 l2.25] 950| 410 |loeta}i143li4g {108 | 34 Briel 42 | Byel21 fl 164 
6 |l4. | 925] 610 |leseliostiiataliog | 3351 5 |14 | 5° | atéloeg l19} 
7 (16.5 | 875 | 760 |[33- |15_,|1648/13/,| 4. | 58 [164 | 6 | 58 |26% [213 
10 {18.6} 850| 920 |[s6z ]17° |184 \143'| 5 | os [174 | 7 | 6 [28h laa, 
H.P.|| M N O P Q R Ss Xt U Visit Wet x Y va 
34] 14 £ 1 Ys} S46) .. | £ | 88] TE | 5h] 8 | 8 | Be 
ui 43 | 14 $ 1y5| 13% of »» | te | 47] 84 | 55%) BF | 843) 24 
+|| 431 3 i} 14 | Th] 1. | ae | atsliotal eg | 48 | 4a | 28 
$ |] 68 | 3 + 24/2 | 9 | 753] o | HS [124] 9b | Ht | SE |] BE 
1 iiee| 4 | g | stale frog] aia] § | o8 [15 fey] me] 7. | 88 
2 iio | 5 | 1 | sy] 26 lity] 78] 4 | Od |t5e [132 | 8 | 7B | 84 
8 lig] 6 | 1 | ys! 28 lntt8 o8 | & | 78 lish liad | val ob | ag 
6 lia | 7 | ig | 38 | 28 (138 | 98] & | 8b lore lang | 7h | oa) 48 
ma liiaz| 8 | 1 | 4 | 84 [148 [10g | & | 9 leag lure | Te [10a | 43 
10 |l152] 9 | 14 | 43] 34 {ted ling | & [10,1908 [19s] 83 [ut | 54 
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Fic, 8.—EDISON BIPOLAR DYNAMO, 


TABLE 6. 


DIMENSIONS OF EDISON BIPOLAR HIGH-SPEED DRUM- | 
ARMATURE DYNAMOS AND MOTORS. (See Fig. 8.) 


toh 


Generator. Motor. as Armature. |Magnets. Frame. Pulley. 

a 

3 
K. W. |R.pm., H.P. |R.p.m., £ A BL. Ox. BD E| F |G@/|H| J K |} LIM 
.5 | 2400 5 | 2100 | 90] 25,1 4 | 41) 28 | 43) 168) 93/123) 45%) 4% | 33) 2 
75] 2400 75] 2100 | 120) 28 | 5 | & | 2% | 54) 214) 9F/138) 4,5) 54 | 34) 2 
1.5 | 2100 | 1.5 | 1600 | 270} 825] 63] 15| 32 | 62) 242/134/19 | 7 | 774) 4 | 38 
3 190)| 8 .] 1450] 650} 44°] 8 j14 | 5 | 78) 83 |17 [23 ) 84 | 92 | 74) 8 
| 6 1800 | 6 1350 | 830] 511] 92/18 | 52 | 88) 383/20 [267/104,/11 | 8 | 4 
8.5] 1700] 9 1325 | 1090 BL 10 [18 | 65,|108] 444/22 |303]114 [12 | 84) 5 
12 1600 | 14 1275 | 1470] 64 |12 ]1% | 78 |122] 489]/234/84 [124 [124 | 9 | 6 
15 1500 | 17.5 | 1150 | 2180] 6% 1133/24 | 8d |138] 57 |253/38 |138 |132 |112] 8 
20 1400 | 24 1100 | 288u] 7% 115 [24 | 94 |15A4} 653/288/412/148 |154 ]12 | 9 


25 1200 | 30 950 | 8570) 8% 
380 1200 | 36 880 | 4340] 92,118 32 [114 |16%] 733/318/473/164 |168 [14 11 
45 | 1000 | 60 750 | 6800|11 35 

60 700 | 70 525 | 9790|12% [2443/4 |154 123%] 924/408)652/21% 1224 [24 113 
100 650 |120 550 |16200]/168 |25 14% |174 |24 1105 |474|734/24% }264 |26 |16 
150 450 |180 450 |31790|23% 1263|6 [214 |31 |1193|593/924/31% [383 [44 [21 
200 450 |240 450 |39000/23% (343/72 [23 [31 |1854/679|94 |812 [37% |44 |24 


ne 
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Fic. 9.—WESTINGHOUSE FourR-POLE DYNAMO. 


TABLE 7Z. 


DIMENSIONS oF WESTINGHOUSE FOUR-POLE 
MEDIUM AND HIGH SPEED DRUM-ARMATURE 
DYNAMOS AND MOTORS. (See Fig. 9.) 


¢ Medium Speed. High Speed. Armature, Magnets 

$5 Weight. 

S$ ix. w.la. PR. p.m|K. w./H. PIR. p.m. a | B INET off G | p 
1 56] 1300 | 1 1900 190 Bi | 2s 31 23} 23 
2}) 1.5 2 1200 | 1.875) 24 1700 290 63 | 3} 31 BL | 2t 
8 || 262] 383 1050 | 3.75 | 5 1600 550 7 | 48 47 44) 33 
4|) 3.75] 5 950 | 5.62] 74 1350 740 5+ 41 5 3; 
5 || 5.62] 74 7.5 | 10 1250 940 94 | 5 47 5i } 43 
6 || 75 | 10 750 {11.25 | 15 1150 1190 }|-1 6 47 53) 5 
7 || 11.25 | 15 650 |15 1050 1550 | 118 | 6% 7 63 | & 
8 |} 15 20 600 22 5 | 30 975 2460 | 13 8 |47&71| Ts! 64 
at re 40 950 2950 | 183 | 8} 61 8 | 6} 

10 || 22.5 | 30 575 (87.5 | 50 900 8410 | 15 8} |}41&61) 8 7} 
11 || 30 40 §50 |45 60 850 8900 | 158 | 8+ /47&59| 8 
12 || 87.5 | & 550 {56.25 | 75 800 4300 | 164} 9 |71&55}] 8] 8& 
g Yoke. General Dimensions. Pulley. 
a6 
3” 
E F G H J K L M N oO P 
1 1 54 22 11 11 163 | 17% 7 143 34 2} 
2 a 63 . 261 | 1 1 193} 1 i 154 | 5 8 
8 18 Sit 18 82 153} 164] 243 98 | 19 6 4 
4 193 | 94) 1% | 36 1 268 | 248] 1 203} 8 5 
5 213 | 10 1} 38 18g} 19 284 | 268] 11g] 22g 8 5 
6 10} 40% | 194] 218 80 124 | 25} 9 6 
7 263 | 12 2} 444 204 & | 825] 823 | 188 | 27% | 14 7 
8 183 | 2% 504 254 | 256 | 838 | 868) 158] 3831p] 14 8 
9 83 14 8} 544 | 25] 286 | 89%) 40 17 B44 | 15 11 
10 844 |] 144 | 38 564 266 | 20g | 42 414 | 17%] 864 | 15 ll 
11 ybt | 147] 3%, | 653 | 847) 208 | 473 | 436] 18%] 874] 20 11 
12 87°} 154] 8) 66 33 | B24 | 47h | 44 19 883 | 20 ll 
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Fie. 10.—GENERAL ELECTRIC Four-POLE GENERATOR. 


TABLE 8. 


DIMENSIONS OF GENERAL ELECTRIC Four-POLE MODERATE 
AND HIGH SPEED RING-ARMATURE GENERATORS. 
(Sce Fig. 10.) 


Magnet Frame. 


Medium Speed} High Speed. Armature, 
Weight 

£\ x. wie.p.m|K.WjRpm|| us. | a} B]o|l pv |3e%l ae] rla | ao 
1} 65] 950] 9 | 1450] 970] 9316 | 48] .834| 46 | 2331 9 | 1143] 834 
2}, 138.5} 850 1175] 1175 || 1810 | 13 | 6§ | 6} | .B04] 42 B11 12 | 255) bss 
1 8}) 20 700 | 30 1950 || 8200 | 16 | 7 7 918] 66 8711513 62 
4|| 80 | 675 145 | 975 || 4780118] 88)94] 944/116 | 44] 163] 28] 73 
5}| 50 600 | 65 875 || 6930 | 204) 82 | OF.) 1075] 98 50} 18 | 83 | 8% 
6|| 75 550 | 85 750 |} 8560 | 22 | 94 }10 | 1.208) 96 | 54] iv] 4$ 4 OS 
General Dimensions. Pulley. Rails Base 

g I J K L M N {| 0 s Q R 8 TT} Ul] V 
1}| 38 812% | 26 24 12 | 163) 108) 164) 11 44 | 13 | 343] 1 3 
2|| 494 | 39 | 33 | 31 | 15% | 194] 184] 218] 12 8412 | 43411 | 3 
3}| 604 | 454 | 40 37 18% | 223) 153} 26%) 15 104 | 23 £2] 18 4 
4|| 67% 522 | 4A} 443 224 | 268] 188) 29%) 20} 11 23/65) 181 4 
5}| 7e8e 57% | 53 50 25 298) 184) 834] 23 184 | 8} (24 17 | 6 
6}| 92 634 | 56 54 27 314] 193 BY 25 244 | BF | God! 2 6 
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Fic. 11.—CROCKER-WHEELER MULTIPOLAR GENERATOR. 


TABLE 9. 


DIMENSIONS OF CROCKER-WHEELER MULTIPOLAR 
LOW, MEDIUM, AND HIGH SPEED SURFACE-WOUND 
RING-ARMATURE DYNAMOS. (See Fig. 11.) 


Low Speed. aa High Speed. By Armature. Field Frame. 
| 
a2 
x.w|e.p.méx. wr. p.mi. w {2.p.m [2™ a|B|o|Ntr of] p| ge] F]@/H 
2.5 | 1200 3.5 | 1600 4 || 7%) 34) 14 40 || 178) 72] 24 | 173 
4.5| 1150 | 5.75} 1400 | 4 || 8+] 84! 1a] 44 |] 198] 8 | 8% 193 a 
6.5| 1050 | 8.25) 1300 | 4 || 9} 131 44‘ 218) 83] By) 215] BE 
9 950 | 11.5] 1300 | 4 |/11 13} 87 |] 25a! 98) 44 | 253) 98 
13 900 | 17.5 | 1300 4 ||11g | 63 23 || 28 114) 474) 28 a 
2 | 500 6 |]12 | 3] 19] © 62_—‘f] Qtal 6] BE | 213 
18 875 | 23 1150 4}/18 | 7/2 99 |} 30/124) 4 | 803/114 
22.5 850 | 27 112 4 }}14 | Th) 24 78 || 324/134) 44%) 824/12 
4 425 6 }|15 | 33) 2 5O |] 254) 6F) 84 | 254) 9 
30 775 | 40 1050 | 41/15 |8| 23) 95 |] 86/143] 5) 86 (ing 
45 TOU | 55 4 {165 | 9/38 7O |} 40g{ 153] 6p | 409)15 
7 460 8 }|19 +) 8 89 || 3Ct Bg } OS /12 
65 625 | 80 750 | 4/119 |105| 83) 96 |] 484/163) 73 | 48318 
9 | 350 8 |l2t 3} 7 |} 33h] 84] 3% 834113 
15 | 325 8 ||224 | 6}) 3} 65 || 36/11 | 23 | 404/145 
20 | 300 6 |/204 | 6f) 33 76 |} 392/184) 54) 894/15 
80 | 300 6 {224 | 81 4] 109 |] 444/133] 5g | 445/16 
50 | 27 90 560 110 720 6 }}24 | 98) 44) 141 |} 484/155) 6h | 485/18 
60 | 275 6 |}28 j1l | 43) 126 || 544/174) 6} | 544/20 
75 250 130 500 150 550 6 |/324 |124) 6 111 || 64}/18 | 7% | 68 [24 
200 | 450 6 ||32h 134] 8] 105 183| 9y%} 684/25 
100 | 250 8 |'37 10%) 63} 156 || 67 17 | 7E | 68 [24 
125 250 8 {45 13) 7 208 |} 763/18 | 7] | By [26 
150 130 | 200 175. | 200 225 8 ||50 116) 12 18 |} 90 10g | $9 |293 
200 100 | 250 125 | 300 150 8 [57 [19 115 168 ||107 |25)/14 [128 |32 
800 100, 12 ||77 [143 198 |/1183/24 |12 
850 83 | 400 100. | 500 125 912 |/87 |153 160 |/135 }253) 13% 
60 100 fiz ||95 |17h 152 |/i51 [28}/155 
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Fic. 12.—GENERAL ELECTRIC MULTIPOLAR GENERATOR. 


TABLE 10. 


DIMENSIONS OF GENERAL ELECTRIC MULTIPOLAR LOW- 
SPEED RING-ARMATURE GENERATORS. | 


(See Fig. 12. 


° - Armature, Approximate Weight. 
5 No. of: 

Z| K.w.|R.p.m| Poies.|/ a | B | © | D | Sica |Gommutacon | Complete. 
1]} 150 | 200 6 46 | 128 | 26,5;| 12; | 180 6400 29000 
211 800 150 8 68 | 14 | 45 133 272 17000 55000 
811 400] 120 8 72 | 183 | 48 | 12 240 22000 79000 
4} 500] 120 10 84 | 174 | 62 | 12 280 25000 81000 
51} 860 80 14 120 | 198 | 98 | 17 864 50000 185000 
6}| 1600 75 22 164 }19 {144 12 440 74000 180000 

Magnet Frame. General Dimensions. 

s\i| E F G H I J K L M N O 
1]| 99 | 25 8i4| 188] 23 | 114] 85 | 12% | 193 32 9 
2|| 125 27 10 15 82 141 41 163 | 29 49 11} 
3\| 185 | 824] 11 | 18 | 41 | 150] 48 | 1843 | 85%] 49 15 
4\| 1444 | 80 | 103] 163] 44 | 154] 45 | 178 | 31 60 | 16 
51187 | 82 | 118] 18 | 58 | 201] 48 | 184, | 845,] 84 19 
6)| 230 24 128 163 63 245 | 48 | 182 | 873 120 24 
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TABLE 11. 
RING-ARMATURE DIMENSIONS. 
High Speed. Medium Speed. Low Speed. 
i 
K. W. |R.p.m.|2/@™-| pength.| K. W. |R.p. m.|2/8™"| rength,| K. W. |R.p.m.(2/8™"| Length | 
: 1} 1800 | 3 - 
7 15] 1 gis} 
| 2311400 | 48°] 4a 
| 5 111200} 58 | 2& 
: 1 |1000| 7 | 2% 
1.5] 975| 73] 8% 
2.25] 950] 8| 38% '| 2] 500| 12| 3} 
2.5 | 1200 | 7, 
3.511600) 78,| 33 | 4 | 925] 93| ata] 4] 425| 15] 38 
| 4.5| 1150] 81] 8b 
5.75] 1400} 83 | 3) | 6.5 | 1050] 92 
| 6.5 | 950| 9:1 6 : 
: 6.5 | 875.|10k| 58 7| 400] 19| 43 
8.25] 1200} 93 |. 85} 850/11 | 6f 
-9 | 1450] 931] ° 6 9 950 | 11 5 9} 850] 21| 5 
11.5 | 1800 | 11 5 13 900 | 118 et 
17.5 | 1800 | 118 68 | 13.5 | 830 | 18 15| 825 | 223 64 
17.5 | 1175 | 13 6; | 18 875 | 13 q 
928 11150/13 | 7 |20 | 70116 | 7% 20| 300] 203} 63 
27 1125 | 14 7% | 22.5 | 850 | 14 7 ; 
80 1050 | 16 2 80 775 | 15 8 30| 800] 223| 84 
40 | 1050/15 | 8 |380 | 675/18 | 83 
45 | 975/18 | 8% 145 | 700] 16| 9 50| 275] 24] 96 
55 930 | 16} 9 50 600 | 204 of 60} 275} 28) 11 
65 | 875|20:| 83 |65 | 625/19 | 10 75| 250| 824| 123 
go | 750/19 | 101 |75 | 550/22 | 93 | 100] 250] 37 | 10% 
85 750 | 22 91 | 90 540 | 24 98 125} 250) 45 | 13 
110 720 | 24 9& |130 500 | 823 | 124 150} 200] 46 16 
150 550 | 32 125 150}; 180] 50); 16 
200 | 450| 82f| 13 leoo | 875} 50 | 16: | 200] 100| 57| 19 
250 | 225/50 | 164 | 250] 125] 57! 19 
800} 150{| 57] 19 
300} 150]; 68); 14 
800; 100] 77 | 143 
350| 88} s7| 153 
400! 120) 72] 182, 
400; 100| 87} 15 
600} 125] 87] 15 
500} 120] 84] 17 
600; 100} 95] 17 
800 80 | 120 | 193 
16.0 75 | 164] 19 


24 


DIRECT-CURRENT DYNAMCS AND MOTORS. 


TABLE 12. 
DRUM-ARMATURE DIMENSIONS. 

High Speed. Medium Speed. Low Speed. 
R. p.m.| Dia. | Length. / K. W.|R.p.m |Dia. |Length. |K. W. Bato Length. 
2400 | 2,5;| 4 56] 1800 | 58 | 23 
2400 | 28 5 .75 | 1900 | 58 28 1.5 | 1200 | 64 84 
2100 335 64 1.875] 1700 | 64 8+ 2.62] 1°50 | 73 4e 
1900 | 4 8 | 8.75 | 1600] 72 | 48 | 8.75] 950] 84] 54 
1800 | 543} 92 | 5.62 | 1850 | 84] 52 ey 850194] 54 
1700 | 5z| 10 | 7.5 | 3250] 9 64 17.5] 70 |10h | 6 
1600163} 12 |11.25| 1150 |103 | 6 {ti.25] 650/118] 68 
1500 | 62} 184 |15 1050 |:18 ; 6% |15 600 113 8 
1400 | 72} 15 22.5 $75 j13 8 22.6 | 5675 [15 84 
1300 | 88 | 164 |30 950 |182 | 8% 130 B10 {15 8} 
1200 | 93) 18 87.5 900 15 84 [87.5 650 116 Y- 
1000 |114,| 203 | 45 850 |153 | 8} 

800 |164 9 

700 j122 244 

650 |168 | 25 

450 (232 | 263 

450 |23% | 3844 


It will be noted in Tables 141 and 12, where machines of 


different manufacturers are placed side by side, that the 
armature dimensions of dynamos for similar output and 
speed in some instances vary greatly from one another, 
which goes to show that a wide range is given to the 
judgment of the designer in assuming the variable quan- 
tities such as peripheral speed, shape-ratios, etc. Yor in- 
stance, in Table 11 two 390 K. W. 150 revolution arm- 
atures are given, the first having a diameter of 57 inches 
and a length of 19 inches, while the second has a diame- 
ter of 68 inches anda length of l14inches. The peripheral 


velocity in the first machine is v = pal S 7 X 150 = 2240 


feet p. min., whilein the second itis 88 7 x 150 = 2670 


feet p. min. The length is 4%, or 4 of the diameter in 
the first armature, anl }4, or about § of the diameter in 
the second armature, 
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20. Specific Cross-Section of Armature Conduc- 
tors.—It is customary to allow from 300 to 1,000 circular 
mils per ampere in armature conductors. The lower 
value applies to elevator motors and other machines that 
are used only intermittently, and seldom at full load, 
while the higher limit is for large machines running 
heavily loaded for long periods of time. An ordinary 
figure is 600 circular mils per ampere, which corresponds 
to a current density of about 2,000 ci per square 
inch of cross-section. 

One should be especially careful to ae correctly 
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what fraction of the total current each conductor will have 
to carry, as follows: 

1. Ina bipolar machine there are two paths through the 
armature winding (Fig, 13), so that one-half of the total 
current flows through any given inductor. 

2. Ina multipolar machine with the -- and — brushes re- 
spectively connected in parallel (Fig. 14), or with cross- 
connected armature winding or commutator (Fig. 15, 
page 27), there are as many paths as there are poles, con- 
sequently the current in any conductor is the total amount 
divided by the number of poles. 

3. In a multipolar machine the armature is sometimes 
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wound. so that there are only two paths through it, being 
called a two-circuit winding (Fig. 16, page 27). 

4. In bipolar or multipolar machines two or more con- 
ductors are often used in parallel to avoid the trouble 
of handling large wires, or in order to fit them into a cer- 
tain space. 


TABLE 13. 
DATA OF BARE AND DOUBLE COTTON-COVERED WIRE 
1 2 3 4 5 6 “sf 8 9 
Area, Number 
-.on. | bs Max. | Number ; Resistance 
Size ees ny hy per | Ohms |Diam. of| of wires of tga per cubic 
Bare | Mils. | foot, | perft.|D. C. C. inch. square inch at 
Wire. Wire D. Cc Cc. D. Cc. Cy 
5 -1819 | 33,124. | .1002 | .000313) 197 5.1 25.8 -000673 
6 1620 | 26,244 .0795 .000394 177 5.6. 31.9 . 0010.0. 
q 1443 | 20,736 .0630 -000497 159 6.3 39.6 -001638 
8 -1285 | 16,384. | .0590 .0006' 148 7.0 48.9 .00256 
9 1144 | 12,996. | .0396 | .000791) .129 7.8 60.2 -00396 
10 .1019 | 10,404, | .0314 | .000992 117 8.5 78.1 -00607 
11 09074 | 8,281. | .0249 | .00126 106 9.4 89.0 -00934 
12 08081 | 6,561. | .0198 .00159 10.8 115.6 -01526 
13 07196 | 5,184. | .0157 00200 084 12.0 145.2 -02410 
14 06408 4 .0124 00252 075 13.3 177 8 -0373 
15 05707 | 38,249 -0099 00818 067 14.9 222.8 0590 
16 05082 | 2,601 .0078 00401 061 16.4 268.7 -0896 
17 04526 | 2,025 .0062 ' 0506 .055 18.2 330.6 1392 
18 04030 | 1,600. | .0049 | 00638 050 20.0 | 400.0 2124 
19 03589 | 1, .0039 00804 046 21.7 473.5 -B172 
20 .08196 | 1.024 0031 .01014 042 23.8 566.9 .4790 
21 -02846 812.3] .00245 | .01275 038 26.3 692.5 7375 
22 .02536 640.1) .00195 | .016C8 035 28.6 876.3 
23 .02257 510 8} .00154 | .02080 -033 80.3 918.3 1.555 
24 .02010 404. | .00122 | .02560 030 33.3 1111.1 2.373 
25 .01790 820.4} .00097 | .038225 028 35.7 1216.4 8.436 
26 01594 252.8] .00077 | .04075 026 88.5 1479.3 5.022 


21. Data for Armature Winding.—The data given in 
the above Table 13. will be found, useful by the stu- 
dent when calculating an armature. The table gives the 
area, diameter, specific weight, specific resistance, the 
number of wires that can be wound in a given space, and 
the resistance per cubic inch of winding for the sizes 
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usually employed for generator and motor armatures. 
Columns 6 to 9 refer to Double Cotton-Covered (D. C. C.) 
wire, this being the kind of insulation usually employed 
on conductors for armature winding. Wires larger than 
No. 5 B. & S. are commonly not used, on account of the 
greater difficulty of handling and winding; if a larger 
area than 33,000 circular mils is required, two wires of 
one-half, or three wires of one-third the requisite cross- 
section, etc., are used. 
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22. Examples showing Use of Winding Table.—The 
use of the various data given in Table 13 is seen from 
the following example. Suppose an 78x 25 inch smooth 
drum armature is wound to a height of about .6 inch 
with No. 5B. & S. wire, this size being determined, as 
shown in Pars. 23 to 25, by finding the requisite cross- 
section for the current to be earried’ and comparing the 
result with the figures given in the third column of Table 
13. 

The periphery of the armature is 18 X 2 = 56.55 inches; 
hence, by column 7, the number of wires per layer, when 
allowing 8 per cent. of the armature circumference for 
division strips and spaces, is 56.55 X .92 x 5.1 = 265. 
The number of layers is .6 X 5.1 = 3; hence there are, 
in all, 265 X 3 = 795 wires on the armature. 


28 


DIRECT-CURRENT DYNAMOS AND MOTORS. 


23. 


24. 


The latter result can also be obtained approximately from 
column 8, thus: 56.55 X .92 X .6 X 25.8 = 805 wires, 
which is a few per cent. in excess of the actual value, 
owing to the use of .6 instead of 3 x .197 = .591 as the 
height of the winding space. 

The length of one complete turn on this armature is about 
9 feet, and includes 2 wires; consequently the weight 

. 
of wire, by column 4, is = xX 9 X .1002 = 358 lbs., and 
its total resistance, all in series, at 20° C., by column 4, is 
m xX 9 X .000313 = 1.12 ohm. 

The resistance can also be obtained in the following man- 
ner: The cubical contents of the winding space is 50.55 
x .591 X 25 = 835 cubic inches. Doubling this figure, 
to allow for the heads and commutator Scnecctans. we 
have, from column 9: 835 X 2 X .000673 = 1.124 ohm 
as the approximate total resistance R, of the wire on oe 
armature (see Par. 39). 


Approximate Size of Armature Conductors.— 
It follows from Par. 20 that the approximate cross3-sec- 
tion of the armature conductor for a given case is found 
by multip! ying the current flowing through it by the 
specific cross-section suited for that case. Having in this 
manner found the number of circular mils of area required, 
the size of the wire is taken from column 3, Table (3. 


Example of Bipolar Armature.— What size of con- 
ductor will be required on the armature of a5 Hi. P. 
bipolar motor for 110-volt circuit ? 

Solution.—5 H. P. is equivalent to 5 x 746 = 3,730 
watts output. Assuming 85% efficiency as a fair value 
for this size, the watts input are 3,730 +.85 = 4,388 watts. 
Thecurrentis 4,388 + 110 = 40 amperes, hence each con- 
ductor must carry one-half of 40, or 20 amperes, which 
at 600 circular mils per ampere requires a wire of 12,000 
cir. mils. Referring to ‘Table 13, the nearest size ig 
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found to be No. 9 B. & §S., having a cross-section of 
12,996 cir. mils. | 


25. Example of Multipolar Armature.—find the ap- 
proximate size of armature conductor for a 200- 
K. W., 6-pole, 550-volt railway generator. 
Solution.—The total current will be 200 x 1,000 + 550 
= 364 amperes, which will be divided between six paths 
if the armature is cross-connected, each conductor car- 
rying 364 + 6 = 61 amperes, and requiring a cross sec- 
tion of 61 x 600 = 36,600 C. M. The nearest larger size 
of wire is No. 4 with 41,616 C. M. If it be desired to 
subdivide this in order to facilitate winding or placing in 
a certain size of slot, it is possible to substitute two No. 7 
wires in parallel, having a combined cross-section of 41,472 
C.M. For a two-circuit winding, each conductor would 
have to carry one-half the total current, or 182 amperes, 
requiring a cross-section of 182 x 600 = 109,200 C. M., 
which is somewhat larger than a No. 0 wire (105,625 C. M.) 
This would be still more clumsy to handle, and might be 
replaced by two No. 3 or by four No. 6 wires in parallel. 
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FINAL CALCULATION OF ARMATURE. 


26. Number of Inductors on Armature.—The size of 
the inductors having been ascertained, the designer may 
proceed to determine the number of them that can be 
properly placed upon the armature core, the approximate 
size of which has been computed. The number of induc- 
tors that can be placed upon the circumference of a smooth 
core, or into the slots of a toothed armature, depends upon 
the height to which it is expedient to wind the armature, 
this height, in a toothed core, corresponding to the depth 
of theslots. The height of the armature winding, h, (Figs. 
17 and 18, page 45), varies with the type and size of the 
armature, and can be taken approximately from Table 
14, which gives average values for various cases. 

The total winding space, S,, of a smooth-core armature is 
roughly given by the following formula, provided that 
h, is very small compared with D,, which is practically 
always the case : 


Pee eg Mi ciked cee scene ..(14) 


In ordinary smooth-core machines, from % to 4 of this total 
winding space is occupied by insulation, division strips, 
binding bands, etc., hence the available inductor space is: 


Su! = .55Sy = .55Daw X hy = 1.95 X Dy X Iige...(15) 


The number of inductors on the armature is the inductor 
space, S,’, divided by the space occupied by one induc- 
tor. Calling the diameter of the bare inductor d,, each 
inductor takes up the space d,*. The approximate total 
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number of inductors, N, on a smooth-core armature can 
therefore be obtained from : 


os 'visis teal 


In toothed armatures, the slots usually take up about 
one-half of the circumference, and only about three-fifths, 
or .6, of the total slot area is actually occupied by the in- 
ductors, approximately one-fifth of the slot area being 


TABLE 14, 
AVERAGE HEIGHT OF WINDING SPACE ON ARMATURES, 
Approximate Height of Winding Space, h,. 
Diameter of P ' 
Armature, in Smooth Armature Core. 
Inches. 

D. Toothed Arma- 
sii ture. 
Drum. Ring. 

9” }’ ve ma 
+ #5 32 a 
6 $ t $ 
10 2 bs i: 
15 g 
20 3 $ 14 
30 t ay 13. 
50 4 13 
15 vs % 2 
100 ss 3 24 
150 $ 34 
200 1 4 


used up by the slot lining and about one fifth of it by the 
wire insulation. Hence, the approximate total number 
of inductors is: 
5 X.69, 8X Dek OMe Dee Ma 
N= BG SM EN AD) 
The figures obtained by (16) and (1'7) should be checked 
by means of Table 13, as shown in Par. 22, 
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2%. Arrangement of Inductors on Smooth-Core 
Armature.—The number of inductors found by for- 
mula (16) must be modified according to the number of 
divisions and to the manner of winding of the armature. 
The number of divisions of a smooth-core armature is 
either equal to, or twice, the number of commutator 
segments, the latter depending upon the voltage and on 
the number of poles of the machine. For machines up 
to 300 volts, the commutator is usually divided into from 
40 to 60 segments per pairof poles. For higher potentials, 
a correspondingly greater number of segments is provided; 
thus, for 500 volts up to 100 segments, and for 7,000 volts 
up to 150 segments, per pair of poles are used. 

In a smootk armature, the number of wires per layer must 
be a whole multiple of the number of armature divisions; 
to find the final number of wires per layer, therefore, 
multiply the circumference of the armature (diminished 
by the space allowed for division strips) by the number 
of wires per inch (column 7, Table 13); divide the result 
by the number of commutator segments, and note the quo- 
tient so obtained. If this quotient is not quite a whole 
number, but so nearly so, that the deficiency can be made 
up by a moderate reduction of the allovrance made for 
division strips, the number per layer is the product of the 
raised quotient by the number of commutator segments. 
If the quotient is but little greater than a whole number, 
the number of wires per layer is the next smaller whole 
number multiplied by the number of commutator seg- 
ments. If the quotient is not sufficiently near a whole 
number to allow one or the other of the above methods 
to be employed, either the next smaller or the next 
larger whole number must be taken and the number of 
commutator segments so adjusted that the product of the 
two numbers is equal to, or slightly less than, the num- 
ber of wires previously obtained by multiplying the 
available circumference by the number of wires per inch. 

The corrected number of wires per layer is then multiplied 
by the number of layers, which, in turn, is found by mul- 
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tiplying the height of the winding space by the number 
of wires per inch and rounding the result to the next 
smaller whole number. 

In case of but a few layers of heavy wire, if the calculated 
number of layers is a considerable fraction above a whole 
number, it is even advisable to replace the armature con- 
ductor by two or more wires of equivalent total cross- 
section, and to re-design the arrangement of the armature 
winding so that the permissible winding space is made 
use of more economicéally. 

The actual total number of inductors on the armature is 
then the number of armature divisions times the number 
of wires per division, divided by the number of wires em- 
ployed in subdividing the area of the armature conductor. 


28. Arrangement of Wires on Toothed Armature. 
—The number of slots of a toothed armature is governed 
by its size, the usual limits of the slot numbers for various 
sizes of toothed armatures being given in Table 15, for 


reference. 
; TABLE 15. 
NUMBER OF SLOTS IN TOOTHED ARMATOURES. 
Diameter of Armature. Number of Slots. 

5 inches. 25 to 40 
10 ‘s 30 ‘* 60 
1 40 “© 80 
20 sia 60 ‘* 100 
30 ee 80 ** 150 
50 3 100 ‘* 200 

100 i 150 ‘* 300 

150 a 200 ‘* 400 


Dividing the total number of wires, obtained from formula. 
(17%), by the number of slots, taken from Table 15, the 
number of wires per slot is obtained. The latter must be 
such that the slot is evenly filled with the winding; that. 
is to say, the slot must contain a proper number of full 


+3 
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layers nearly filling the space within the slot lining. If 
this condition is not obtained by the first selection of the 
slot number, a second, and eventually a third, must be 
chosen within the given limits, and, if necessary, even 
the size of conductor must be changed by suitable sub- 
division of the cross‘section. 

It usually happens, in case of smooth as well as of toothed 
armatures, that a particular size of wire will not suit a 
certain case, and it is often very difficult to find any regu- 
lar size that will fit exactly right. In fact, it is a large 
part of the work of designing a machine to make these 
relations come out satisfactorily. If necessary, a special 
size of wire can be made to order, but this should be done 
only as a last resort. 


29. Example of Smooth-Core Armature.—How many 
No. 6 B. & S. wires can be wound upon a smooth-core 
drum armature 10 inches in diameter? 

Solution.—Here D, = 10’; d, = .162’, d,? = .026244 
(compare with column 3 of Table 13); and from Table 
14 we find that the average winding depth for this size. 
of armature is about .5 inch; hence, by formula (16): 


495 x 10x35 . 
= 026244 = $332 wires. 


In order to verify this result, we find in Table 13 that the 

_ diameter of No. 6 B. & §. wire, including its double cot- 

ton covering, which is almost always used for armature. 

winding, is ./77 inch. The circumference of the arma- 

ture is 10 X wz = 31,416 inches, 90 per cent. of which, or 

48.27 inches, is occupied by the winding; hence, the num- 
_ber of wires per layer is 28.27 + .177 = 160, 

The core insulation and binding in an armature of the size: 
under consideration will amount to a height of about 4 
inch; hence, the number of layers that can be placed on 

5—+4 

177 

ductors, therefore, 160 x 2 = 820, which agrees very 
well with the result obtained by formula (16). 


this armature is 


= 2, and the total number of in- 
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20. 


Assuming that a commutator of 54 divisions is to be used 
with this armature, the number of conductors must be 
modified as follows: ._Number of wires per layer of arma- 
ture section is 160 + 54 = 2.96; taking 3 wires, we have 
54 X 8 = 162 wires per layer; and since there are 2 
layers, the actual number of wires on this armature 
will be 1462 x 2 = 324, or 2 X 3 = 6 wires per commu- 
tator division. 


Example of Toothed Armature.—find the ap- 
proximate number of No. 9 B. & S. wires that can 
be placed on a toothed armature having a diameter of 
18 inches. 

In this case D, = 18’, h, = 1.15 (by interpolation from 
Table 14), and d,? = .013, nearly, (from Table 13); 
therefore, by formula (17): 


18 X 1.15 
.013 


This result may be checked as follows: The circumference 
of the armature under consideration is 18 X 7 = 56,55 
ins., about one-half of which, or 28.3,ins., is occupied by 
the slots. The slots being 1.15 inch deep, the total slot 
area is 28.3 x 1.15 = 32.5 square inches. Of this area, 
only about four-fifths is actually occupied by the con- 
ductor, including its own cotton covering; hence, the 
effective slot area is 32.5 x 4 = 26 square inches. 

According to Table 13, the number of No. 9 wires, D. C. 
C., which can be wound in one square inch is 60.23; con- 
sequently we have 26 x 60.28 = 1566 as the total num- 
ber of conductors, which agrees with the above result 
obtained by formula (1'7). 

According to Table 15, the average number of slots for an 
armature of the size considered is about 80; hence, the 
number of wires per slot is 1590 + 80 = 20. The width 
of the slot is the available circumference divided by the 
slot number, or 28 3 + 80:= .85 inch, while its depth, 
ha, is 1.15, _Deducting +5 inch for lining of the sides and 


N= = 1590 wires. 
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the bottom of the slot, the available depth of the slot 
becomes 1.15 — .0381 = 1.119 inch, and the available 
width .35 — (2 x .031) = .288 inch. 

The diameter of No. 9 D. C. C. wire is .129 inch; the depth 
of the slot will therefore take 1.119 + .129 = 9 wires, and 
the width will take .288 + .129 = 2 wires, giving a total 
of 18 wires per slot. In order to accommodate 9 wires in 
height, the depth of the slot must be slightly increased, 
the size required being (9 xX .129) + .031 = 1.2 inch. 
On the other hand, the width of the slot is not completely 
filled by the ? wires, hence a more economical arrange- 
ment will be obtained by using a correspondingly greater 
number of narrower slots. 

The width required for 2 wires and 2 slot insulations is 
2x (.129 + .081) = .382; hence, we may have 
Bias 2B) aL 7.5 additional slots. Taking 8, the 


nearest even whole number, the corrected number of slots 
is 80 + 8 = 88, and the total number of wires that can 
actually be placed on the armature is 88 X 18 = 1584. 


31. Approximate Length of Active Armature In- 
ductor.—The length, of armature inductor required to 
generate a given K. M. F. can be computed from the 
fundamental fact that 1 volt KE. M. F. in a generator, or 
counter EK. M. F. in a motor, is generated when lines of 
force are cut at the rate of 100,000,000, or 10°, lines per 
second. 

Accordingly, each foot of inductor, when moving at the 
rate of J foot per minute in a magnetic field having a 
density of Z line per square inch, since it moves across 1 
square foot (= 144 square inches) of field, and therefore 
cuts 144 lines of force per minute, or 144 + 60 = 2,4 lines 
per second, generates 


2.4 
100,000,000 


If there are /, feet of inductor on the armature, the voltage 


, or 2.4 X 10-° volt. 
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generated is 7, times as great as that produced by J foot 
of inductor. If the armature revolves with a velocity of 
v feet per minute, the voltage generated is uv times as 
great as when moving at the rate of 1 foot per minute. If 
the magnetic density in the air gaps is B, lines per square 
inch, the voltage is B, times that for a field density of J 
line per square inch. On account of the fact that the 
polepieces do not completely surround the armature, not 
all of the inductors are cutting lines at the same time. 
The number of zdle inductors usually varies from 14 to 
25 per cent., and averages about 17 per cent.; hence, the 
effective length of the inductors is 100 — 17 = 83 per 
cent., or .83 of the total length of inductors. If the 
armature winding consists of n, pairs of parallel branches, 
the voltage generated by the .83/, feet of useful inductors 
must be divided by 2n,, since the total voltage is gener- 
ated in-each of the 2n, branch circuits. Thetotal E M. F. 
generated in an armature is therefore given by the | 
formula: 


.83X 1, P O° 
H=2.4X10" x oh ee xuxBe_/ Xox Be X1 ,.. (18) 


2Ny Ny 


from which the length of the armature inductor required 
to generate the voltage H,is found, in feet: 


1 = EX XI 
OSE te 3 ne 


The E. M. F., EH. and the number of bifurcations, or 
pairs of armature circuits, n), being given, the fitness of 
the result depends upon the correct assumption of the 
velocity, v, and of the field density, B,. The former has 
already been discussed in Par. 14, the latter is treated 
in Par. 32. 


32. Field Density.—The density of the magnetic field, or the 
gap induction, as it is sometimes called, must be properly 
chosen according to the size of the machine, the number 
of poles, the form of the armature, and the material 
of the polepieces. In general, the density is taken the 
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higher, the larger the output of the machine, and the 
greater the number of poles. In dynamos with smooth- 
core armatures, the densities are made greater than in 
those with toothed cores; and in a machine having 
wrought iron or steel polepieces, the density can be chosen 
about 50 per cent. higher than in a similar machine with 
cast iron poles. 


Suitable average values of B, for ordinary dynamos and 


motors are given in Table 16. 


TABLE 16. 


AVERAGE FIELD DENSITIES FOR DYNAMOS AND MOTORS, 


IN LINES PER SQUARE INCH. 


Bipolar Dynamos. Multipolar Dynamos, 
Capacity 
RS Smooth Armature.|Toothed Armature.|Smooth Armature.|Toothed Armature. 
K. W. 
CastIron| Steel (Cast Iron}; Steel |CastIron| Steel (|CastIron| Steel 
Pole- Pole- Pole- Pole- Pole- Pole- Pole- Pole- 
pieces. | pieces, | pieces. | pieces. | pieces. | pieces. | pieces. | pieces 
.1 | 10000] 15000 8000 | 12000 | 14000 | 20°00} 12000) 18000 
.25} 12000] 18000 | 10000} 15000 | 16000 | 24000 | 14000 21000 
.56 | 14000] 20000 | 12000} 18000} 18000] 27000 | 16000 | 24000 
1 15000 | 22000 | 13000} 19000 | 19000} 28000 | 17000 | 25000 
2.5 | 16000; 24000 | 14000 | 20000 | 20000 | 29000} 18000 {| 26U00 
5 17000 | 25000 | 15000 | 22000 | 21000 | 30000} 19000} 28000 
7.5 | 18000} 26000; 16000 | 24000 | 22000} 82000! 20000 | 380000 
10 19000 | 28000 |} 17000 | 25000 | 24000 | 35000} 21000) 38200u 
25 20000 | 30000} 18000 | 27000 | 26000 | 38000 | 22000) 35000 
50 22000 | 33000 | 20000 | 80000 | 28000} 41000 |} 23000 | 388000 
100 | 24000 | 36000 | 22000 | 38000 | 30000 |; 44000 | 25000 | 40000 
200 27000 | 40000 | 24000 | 36000 | 82000 | 47000 | 27000 | 42000 
300 80000 | 45000 | 27000 | 40000 | 35000} 50000 | 29000 | 44000 
500 deere Ress Tee iwes 88000 | 58000} 31000 | 46000 
1000 ‘ ‘tials 41000 | 56000 | 83000 | 48000 
2000 : 45000 | 60000 | 85000 | 50000 


If a strong magnetic field is desired for the purpose of pre- 


venting, or diminishing, the distorting effect of armature 
reaction, values of the gap induction about 20 to 30 per 
cent. in excess of those given in the above table are 
usually taken. 
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For machines having a very low voltage, such as electro- 
plating machines, battery motors, etc., or for generators 
in which the amperage is relatively very high, as in 
incandescent generators of large outputs, the field 
density is usually taken about two-thirds or three-fourths 
of the density employed under similar conditions for 
ordinary machines. 


33. Length of Armature Core.—Having computed the 
required length of active wire, /,, from (19), while the 
number of inductors, N, has been found in accordance 
with Pars. 26 to 30, the length of the armature core, 
I,, in inches, may be obtained by dividing the length of 
active wire, expressed in inches, by the number N, or in 
symbols: 


The above method of obtaining the length of the armature 
by finding the length of active wire, necessitates the as- 
sumption of the field density. Another plan is to com- 
pute the total flux from the number of inductors, as will 
be shown in Par. 34, and to adjust the length of the 
armature so that the final density attains a proper value. 
The latter method is simpler, because it is independent of 
exact dimensions and involves only total values. 


34. Preliminary Determination of Flux in Arma- 
ture.—With a given number of inductors, N, the tota] 
flux, ®, passing through the armature must be such as to 
give HE, the E. M. F. generated, at the specified number | 
of revolutions per minute, n,. Remembering that the 
lines of flux are cut twice per revolution by each inductor, 
-and that the number of inductors in series’ to generate 


E volts is =, when n, denotes the number of pairs of 
P 


parallel branches in the armature, we have: 
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N n 
SAE SO Se ia hd —8 
EH =2@x In, x 60 x 10 volts, 
60X10°x2n,xX EH 6xX10°xXn, XH 
o@— p ps Pp 
from which = Taba Wx, ete? 


The value of ® can also be found when the flux density, B,, 
in the air gap, the length, L,, of the armature, and its 
diameter, D,, are known. If in this case the average per- 
centage of the idle inductors is taken as 1/7, see Par. 31, 
the flux in the armature is obtained as follows: 


Piewis, < 08D, 7 XL, = 1:3 x B, x Da X Bs. ..(22) 
If B,. is not given, it may be assumed from Table 16. 
As stated in Par. 33, however, this indirect method is 
not as satisfactory as the direct method represented in 
(21), but it may be used as a check on the latter. 

Equations (21) and (22) apply to multipolar as well as to 
bipolar machines. In case of bipolar dynamos the total 
flux, ®, inthe armature is the number of lines which enter 
it from the polepiece of North polarity, while in a multv- 
polar field it is the swm of the lines that enter it from all 
of the North poles. The same lines pass out through the 
South pole-faces; hence, % is one-half of all the lines enter- 
ing and leaving the armature. For this reason, the factor 
2 is used in (21), and the factor 4 in (22). The student 
should be careful to avoid confusion on this point, espe- 
cially as the flux per pole and the flux per magnetic cir- 
cuit are often used in calculations, instead of the total 
flux. 

Before the flux is computed by (21) or (22), the approxi- 
mate size of the armature should be determined by the 
methods given in Pars. 13 to 18, otherwise the resulting 
flux density in the armature eore might either be absurd- 
ly high, that is, above the practical magnetic saturation 
point, or else far below the normal value. It must be 
borne in mind that all of these preliminary calculations 
are tentative, the object being to reconcile and adjust the 
various elements, so that in the end a harmonious result 
will be obtained. 
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35. Example.—The armature of a bipolar ring dynamo is 
required to generate 10 kilowatts at 120 volis when 
running at 350 revolutions per minute, the total 
number of armature inductors beng 400. What 
should be the total flux through the armature ? 

Solution.—In bipolar dynamos, according to Par. 20, 
there are 2 paths for the current in the armature; hence, 
N», the number of pairs of parallel branches, is 7, and we 
have from (21): 
6 X 10° X 120 


d= ae ee 5,140,000 lines of force. 
By (6) the given armature has a diameter of about 
2000 ‘ 
D, = 3.8 X —— a5 it ef ecuse 
Inserting this value into formula (13), we have 
21.7 = / £30k ae 


22 X (1—m')x(m+m’') 
In the present case W = 10,000 watts. Taking s =1 
(Par. 16), k = .12 (Table 3), and assuming m’ = .10: 
(Table 4), the above equation becomes: 


1X.12X10 000 
6.28 xX (1—.10) x (m+. 10) 
1200 
~ (6.28 X.90X m)+(6.28X.90X. 10)’ 


from which follows : 
__ 1200 — (21.7° K 6.28 x .90 x .10)_ 934 _ 
21.77 X 6.28 x .90 2660 
The approximate length of the armature is, therefore: 
DL, = .85 X 21.7 = 7.6 inches. 


From Table 16, the proper value of the field density, for 
cast steel poles, is found to be B, = 28,000 lines per sq. 
in.; hence by (22): 

D=1.3 X 28,000 X 21.7 x 7.6=6,000,000 lines of force, 
which shows that the result obtained by (18) is practical. 


21.7%°= 


. 35. 
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36. Radial Depth of Armature Core.—The cross-sec- 
tion of the armature core must be made of sufficient area 
to carry the flux @ given by (21) without over saturation 
of the iron and without causing excessive power losses 
due to hysteresis and eddy currents. The length, L,, of 
the core having been determined by (20), the radial 
thickness of the armature core, B,, is obtained thus: 


3s ® 
=n x LeXBe 


where n, is the number of pairs of magnet poles, and B, 
the flux density in the armature. The latter should be 
chosen within the limits given in Table 1%. 


B, 


TABLE 17. 


FLUX DENSITIES IN ARMATURE CORE. 


Kind of Machine. Flux Density in Armature. 


Ordinary Bipolar Dynamos 


and Motors.............- 60,000 to 90,000 lines p. sq. in. 
JOrdinary Multipolar Dyna- 
mosand Motors.......... BO.D00; ** Oo 46 SF Se 


Are Lighting Machines....|100,000 ** 130,000 “* “* § 
Dynamos for Plating, Ac- 
cumulator-Charging, etc., 
and Battery Motors ...... 30,000 ** 50,000 % “ 
PRTUOTORIOTS. cic nus! v0.0. »oes}| 20,000 ** 40,000 << 


3%. Example.—Find the radial depth of a smooth-core ring 
armature of 45 inches diameter, having 1,200 in- 
ductors and generating 550 volts when revolving at 
a speed of 200 revolutions per minute in a 6-pole 
field having a density of 40,000 lines per square inch. 


Solution.—From formula (5) we have 


v= ox = 2,360 ft. p. min.; 


44 


DIRECT-CURRENT DYNAMOS AND MOTORS. 


therefore, by (19): 
550 X 3.X 10° 


ls = 3365 x 40,000 — 2/°? feet, 
and by (20): 
_ 12x 1,750 _ : 
L. = 1,200 = 17.5 inches. 


The total flux is obtained from (21), thus: 
@ — 6X 10° xX 3 X 550 
1,200 X 200 
Taking the average value of B, for multipolar dynamos 
given in Table 17, namely B, = 60,000, the required 
radial depth is found by formula (23): 


41,200,000 x ; 
| Bs = S175 x 60,000 = 6.5 inches. 


Subtracting twice this depth from the external diameter, 
the internal diameter of the given armature is found to 
be 45 — 13 = 32 inches. 


41,200,000 lines of force. 


838. Total Length of Armature Conductor.—The active 


or inductive length, J,, of the armature conductor being 
known by (19), the total length of wire on the armature 
may be obtained approximately by making due allow- 
ances for the inactive length required to join the active 
portions of the armature conductors into continuous 
turns, or convolutions. 


In a drum armature the total length of wire, /,, depends 


upon the ratio of diameter tolength of armature core and 
is given approximately, in feet, by the formula: 


tte x (14 SP) eee, (24) 


Since the total active length is more accurately obtained 
by multiplying the number of conductors by the active 
length of one conductor, formula (24) can also be written 
in the form 


te kx D:\ N : 
L= Nxix(1+ my ~7_=+) =F [La + (kx D,)], -.(25) 
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in which k is a constant varying between the following 
values, according to the diameter of the armature and to 
the height of the winding space, the average length of a 
convolution hes 17) being the greater, the larger the 


i] = 
of 
= i] Be 
oo i} 
et \t--—-—- 
=== rk iy 
— vier eo 
» i 
Fie. 17 “CoifvOLUTION ON Fic. 18 —- LENGTH OF 
Drum ARMATURE. MEAN | URN IN KING 
APO Oa gels. ARMATURE. 


o 7 hd ae 


area of the shaft, and that of. the winding space as com- 
pared with the end- surface of the armature core: 

For smooth-core True = ood 25+ to 1.75; average, k = 1.5; 
** toothed drums = 1.5.40 8.0; average, k = 2.25. 
The smaller values. apply to large armatures having a com- 

paratively smallk winding depth (below the average given 
in Table 14), whereas the larger values are for small 
armatures in which the winding depth is comparatively 
large (above the corresponding average given in Table 
14). 

For a spirally wound ring armature—that is, one in which 
the turns are completed spirally by winding the inner 
surface of the ring—the total length of the armature wire 
is directly given by the dimensions of the armature core, 
thus: . 

20, + 2B, + haz 


= nae ts (26) 


bie Ox 


where /, = total length of armature wire, in feet; 
= number of armature inductors; 
and (2L, + 2B, + h.z) = length of mean turns, in inches 
(see Fig. 18), L, being the length and B, the radial 
thickness of the armature core, and h, the winding depth. 
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39. 


In case of formed coils, which are separately completed by 
means of formers and placed upon the exterior surface of 
the armature, the total length of the winding is found 
from formula (24) or (25), in which then the constant 
k has the following approximate values: 


For coils spanning 4 circumference ( 4 poles), k = 1.2 
cé a3 “ce t ‘é ( 6 6é ), co is 
“é “é (73 4 ‘ec (8 6“ ) be as 6 

’ ° 
‘ce ‘é 66 qa ‘ec (10 (73 ye co es 
79 cé 6é ts ‘ce (12 a3 ), co — A 
‘é c¢ cf ds 77 (16 6é ); ce 3 
ce 6é 6é st 73 (24 “ce ), co 2 


Armature Resistance.—The electrical. resistance of 
the armature winding is determined by the total length 
of wire wound on the armature and by the sectional area 
of the conductor. If R, denotes the total resistance of 
the armature wire, all in one continuous length, and if 
there are n, bifurcations in the armature, and, therefore, 
2n, electrically parallel armature circuits, then the arma- 
ture forms the combination of 2n, parallel branches of 

4 ohms resistance each; their joint resistance, 7,, which 

is the actual armature resistance, will consequently be: 


1 Bf Meare: 

2p 2p AM” 

The total resistance R, of the armature conductor is the 
product of the total length 7, and the resistivity, p:, in 
ohms per foot of the conductor, hence the armature © 


resistance: 


me = 


js Om EP See (27) 


In case that the armature conductor is subdivided into two 
or more wires, the resistivity of that wire must be divided 
by the number of wires used in parallel. The resistivi- 
ties, Pr, of the various sizes of armature wire at 20° C. 
(68° Fahr.) are given in column 5 of Table 13. When 
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se ee 


using these figures, therefore, the armature resistance 
found by (2%) is that at ordinary room temperature, or 
is the cold resistance of the armature when the machine 
isnot running. In order to obtain the warm armature 
resistance, add J per cent. for every 23 degrees C. over 20° 
C., or J per cent. for every 44 degrees Fahr. over 68° F. 
Thus. if the temperature of the armature, when running 
at full load, is about 60° C. (= 140° F.), which is the 
usual limit given in dynamo specifications, the value 
60 —20 40 
ah. 2.5 

= 16 per cent., or must be multiplied by 1.16. Figuring 

140— 68 72 _ 


in Fahr pti TNR poo 
in Fahr. degrees, we have rel re 16 per cent., 


found by (2%) must be increased by 


the same as before. 


40. Example of Drum Armature.—A bipolar drum 
armature, 16 inches in diameter and 25 inches in 
length, contains 192 inductors, each consisting of 3 
No. 5 B. & S. wires. What is the armature resist- 
ance at 7O° C.? 


Solution. In this case N = 192, L, = 25, D, = 16, and 
k = 1.5 (the armature being of medium size); hence, by 


(25): 


192 _ 192 x 49 
b, = TS (25 + 1.5 x 16) = —— 5 — 


— ay is ‘4 feet. 


The resistivity of No. 5B. & S. wire, according to Table 
13, is .000313 ohm per foot; since 3 such wires are used 
in parallel, the resistivity of the armature conductor in 
the present example is .000313 + 3 = .000104 ohm per 
foot. The number of bifurcations in a bipolar machine 
isn, = 1. Therefore, the armature resistance at 20° C., 
from formula (27): 


__ %84 x .000104 


. ; = .0020 ohm. 
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70 — 20 


At 70° C., the resistance is aera 20 per cent. higher, or 


r,! = 1.20 X .0020 = .0024 ohm. 


41. Example of Ring Armature.—find the resistance 
at 150° F. of a 12-pole ring armature which is 
wound with 107 sections, each of 6 turns of 12 
strands of No. 7 B. & S. wire, tf tts dimensions are 
as follows: Diameter, 106 inches; length, 26 inches; 
radial thickness, 54 inches; winding depth, % inch. 
Solution.—The total number of inductors in this arma- 
ture is 107 X 6 = 642; hence by formula (23): 


2x2#@+2xd54+2xz 
12 


From Table 13, the resistivity of No. 7 wire is .000497 
ohm per foot; the value of /;, therefore, as there are 12 wires 
in parallel in this case, is .000497 + 12 = .0000414. The 
number of bifurcations in a multipolar machine being 
equal to the number of pairs of poles, we have from (27%): 

_ 8,500 % 9000414 


Ly = 643 X z= 3,500 feet. 


Figo xe = .001006 ohm at 68° F. 
To find the resistance at 150° F. we must increase this 
value by Ne ee 18,2 per cent.; hence we have: 


43 
r, = 1.182 X .001006 = .00119 ohm. 


42. Check on Armature Calculation with Refer- 
ence to Heating Limit.—The dimensions and the 
winding of the armature having been determined, it will 
be well, before going into the design of the magnet frame, 
to investigate whether the armature as designed fulfills 
the requirements as to its heating limit. 

For this purpose we must determine the power losses due to 
the resistance of the winding, to hysteresis of the iron, — 
and to the production of eddy currents in the core. The 
total loss being found, its ratio to the cooling surface of 
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the armature determines the approximate rise of temper- 
ature of the armature. : 

If the latter is too high, the ratio of power loss to the cool- 
ing surface must be correspondingly decreased, either by 
increasing the cooling surface or by decreasing the power 
loss, or by a combination of both expedients. The cool- 
ing surface is increased by increasing the size of the 
armature, and at the same time the latter is enabled to 
accommodate a larger size of conductor, thus reducing its 
resistance and lowering the power loss in the winding. 

An excessive rise of the temperature is usually the result of 
having assumed too great a winding depth; in re-design- 
ing the armature, particular attention should therefore 
be bestowed upon this point. The winding depth may be 
decreased either by reducing the number of layers of the 
armature wire, or by so subdividing the armature con- 
ductor that a suitable winding depth can be obtained by 
a proper rearrangement of the wires. 


43. Power Consumed in Armature Winding.—The 
power lost in the armature winding of a dynamoor motor 
is the square of the current in the armature multiplied by 
the armature resistance, or in symbols: 


ree Eh 05d. cas eth ls wala ok (28) 
where w, = power dissipated in armature winding, in 
watts; site 
C = total current flowing in armature, in am- 
peres; 


Tr, = armature resistance, warm, in ohms. 


In the case of a series machine, C in formula (28) is iden- 
tical with the given external current; in shunt and com- 
pound-wound machines, however, allowance for ‘the 
shunt excitation must be made. The amount of current 
passing through the shunt winding is the terminal 
K. M. F. of the machine divided by the resistance of the 
shunt circuit. The latter not having been determined at 


50 DIRECT-CURRENT DYNAMCS AND MOTORS. 


this stage of the design, the shunt current may be taken 
approximately from Table 18: 


TABLE 18. 


APPROXIMATE SHUNT CURRENT IN SHUNT AND 
COMPOUND-WOUND DYNAMOS. 


Capacity, in Kilowatts. Shunt vase! ‘Gee of 
cap | 15% to 12% 
5 10 ee 
1 8 ee 7 
2.5 7 ieee... 
5 6 Seu 
10 5 (6. 
Q5 4 6é 3 
- 50 to 100 3 arene 2 
100 ‘* 300 26° Se 
500 and over. 2 fr eee 


To obtain the current in the armature, the shunt current 
must be added to the desired current output, in case of a 
generator; and deducted from the given supply current, 
in case of a motor. 


44. Power Lost by Hysteresis.—The hysteresis loss in the 
armature core is proportional to the frequency of reversal 
and to the mass of iron contained in the core: 


wank fh ieee (29) 


where w, = hysteresis loss, in watts; 


n = hysteresis factor, that is, the hysteresis loss 
in 1 cubic inch of iron at a frequency of 1 
cycle per second, see Table 19; 
f = frequency, in cycles per second; 
and M = mass of iron in armature core, in cubic inches. 
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The frequency is the number of revolutions per second 
multiplied by the number of pairs of magnet poles, or 


The mass, M, when allowing 10 per cent. of the core 
length for spaces between the lamina, is given by the 
formula: 


Peet Bi )t XK Be OL oniesevecee so. (31) 
TABLE 19. 
HYSTERESIS FACTOR FOR DIFFERENT FLUX DENSITIES. 
Density, in|Hysteresis ||Density, in|Hysteresis ||Density, in| Hysteresis 
Lines per| Factor. Lines per| Factor. Lines per| Factor. 
Square Watts per|| Square _ Watts per||} Square Watts per 
Inch. Cu Inch.|}| Inch, Cu. Inch.|} Inch. Cu. Inch 
Ba. 7). Ba 7. Ba. q). 
10000 .0007 60000 0128 82000 .0211 
15000 -0014 . 61000 0131 83000 .0215 
20000 .0022 62000 .0135 84000 .0219 
25000 .0031 63000 .0138 85000 .0223 
30000 .0042 64000 0142 86000 0227 
32300 .0048 65000 0145 87000 .0232 
35000 - .0054 66000 0149 88000 .0236 
37500 .0060 67000 0152 89000 .0240 
40000 .0067 68000 -0156 90000 .0245 
42500 .0074 69000 0160 92500 .0253 
45000 .0081L 70000 -0164 95000 0261 
47500 .0088 71000 .0167 97500 0275 
90000 -0095 72000 0171 100000 .0289 
51000 .0098 73000 .0175 105000 .0312 
582000 .0102 74000 -0179 110000 .0337 
53000 .0105 75000 .0183 115000 .0362 
54000 -0108 76000 .0187 120000 .0387 
55000 .O111 77000 .0191 125000 .0414 
56000 .0114 78000 .0195 130000 .0442 
57000 .0117 79000 .0199 135000 .0470 
58000 .0121 $0000 .0203 140000 .0498 
59000 0124 81000 0207 145000 .0527 
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where M = Mass of iron in armature core, in cubic inches; 
D, = diameter of armature core, in inches; for a 
toothed armature, D, is the diameter at the 
root of the teeth; 
B, = radial thickness of arene core, in inches; 
L,, = length of armature core, in inches. 


In toothed armatures the hysteresis loss in the teeth, calcu- 
lated by (29), in which the mass M is then that of the 
teeth, must be added to the hysteresis loss in the core. 

The hysteresis factor 7 depends upon the magnetic density; 
its numerical value for any density is obtained in ergs 
per cubic centimetre by multiplying the 1.6th power of 
this density (expressed in lines per square centimetre) by 
the hysteresis constant or coefficient of hysteresis for 
the respective material; see Par. 262, Book 13. Prac- 
tical values of 7, in watts per cubic inch, for various flux 
densities in sheet tron, are given in Table 19. 


Power Lost by Eddy Currents.—The power con- 
sumed in setting up induced eddy currents in a body of 
iron subjected to reversing or varying magnetization 
increases with the square of the frequency and i is propor- 
tional to the mass of the iron: 


where w. = eady current loss, in watts; 


é eddy current factor, or eddy current loss in 1 
cubic inch of iron at a frequency of 1 cycle 
per second, see Table 20; 

f = frequency, in cycles per second, see formula 


(30); 
M = mass of iron, incubic inches, see formula ($1). 


The eddy current factor, ¢, increases with the square of the 
flux density and with the square of the thickness of the 
sheets employed in building up the iron body. Table 
20 gives the values of ¢ in watts per cubic inch at unit 
frequency for flux densities of from 10,000 to 145,000 
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lines per square inch, for sheet thicknesses of .010, .020, 
and .040 inch. 


TABLE 20. 


EDDY CURRENT FACTORS FOR DIFFERENT FLUX DENSITIES 
AND THICKNESSES OF LAMINATION. 


B, 


Density, 
Lines pr. 
\sq. inch. 


Eddy Current Factor, «. 
Watts per cubic inch. 


Thickness of Lamination: 


.010” 


0207” 


.040” 


sq. Inch 


B, 


Density. 


Eddy Current Factor, «. 
Watts per cubic inch. 


Lines pr. 


Thickness of Lamination: 


.010” 


.020” 


.040” 


| 10000 
20000 
30000 
40000 
45000 
47500 
50000 
52500 
55000 
57500 
60000 
62500 
65000 
67500 
70000 
72500 
75000 
7'7500 
80000 
82500 


.0000004 


.000002 
.000004 
.000007 
.00U009 
.000010 
.000011 
.000012 
.000013 
.000014 
. 000015 
.000017 
.000018 
.000019 
.000021 
.000022 
.000024 
.000025 
.000027 
.000029 


.000002 
.000007 
.000015 
.000027 
.000034 
.000038 
.000042 
000046 
.000051 
.000056 
- 000060 
.000066 
.000071 
.000076 
.000082 
.000088 
.000094 
.000101 
.000107 
.000114 


.000007 
.000027 
.000060 
000107 
.000136 
-000152 
.000167 
.000185 
.000203 
-000222 
.000241 
.000262 
"000282 
.000305 
.000328 
.000352 
.000376 
.000402 
.000428 
.000456 


8501'0 
87500 
90000 
92500 
95000 
97500 
100000 
192500 
105000 
107500 
110000 
112500 
1150: 0 
117500 
120000 
125000 
130000 
135000 
140000 
145000 


.000030 
.060032 
.000034 
.000036 


000038 


.000040 
.000042 
.000044 
.000046 


000049 


.0C0051 
.000053 
.000055 
.000058 
.000060 
.000066 
.000071 
.000076 
.000082 
.000088 


.900121 

.000128 
.000136 
.000143 
.000151 
.0U0159 
.000167 
.000176 
.000184 
.000194 
.000203 
.00.0212 
.000221 
.000231 
.000241 
.000262 
.000283 
.000305 
.000328 
.000351 


000483 
.000513 
.000542 
.000573 
.000t03 
.000636 


.000703 
.000737 
.000774 
.000810 
.000848 
.OCC885 
.000925 
.000964 
.001046 
.001130 
-001218 
.001311 
.001405 


000669 


46. 


Specific Power Loss in Armature.— 


Having com- 


puted the power losses in the armature, their sum divided 


into the cooling surface gives the actual specific cooling 


surface of the ca gsm ease which, as stated in Par. 16, 


should be between . 


5 and 


.75 square inch per watt for a 


drum armature, and between .75 and 7,0 square inch per 


eS 


watt for a ring armature: 


S, 


Wy, + Wy + w.” 
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where ¢ = specific cooling surface of armature; 
S, = cooling surface of armature, formula (7) or 
(9), respectively; 
w, = power lost in armature winding, formula (28); 
$e ‘. * hysteresis, = (29); 
We=  *  “* eddy currents; = (32), 
If the value of s found by (838) is below .4 for a drum, or 
below .75 for a ring armature, the armature would heat 
up excessively, and should therefore be redesigned, as 


indicated in Par. 42. 


4%. Temperature Increase of Armature.—Approxi- 
mate limits of the temperature increase of practical arma- 
tures, as actually found for various values of the specific 
cooling surface s, are givenin Table 21. By means of 


TABLE 21. 


TEMPERATURE INCREASE OF ARMATURE FOR DIFFERENT 
SPECIFIC COOLING SURFACES. 


Temperature Increase. 
Specific 
Cooling 
sur: uce. Drum Armature. Ring Armature. 
Sq. inches ett 
p. watt. ; 
Centigrade. | Fahrenheit. | Centigrade. | Fahrenheit. 
4 50° to 75° | 90° to 135° | 60° to 100° |108° to 180° 
oO 45 ‘** 70 Si ** 126 55 ** 90 99° ** 162 
.6 40 ** 6U 72 ** 108 50 ** 80 90. * tae 
oe 35 ** 60 63. **,.90 AD eS BE *F Tey 
8 BO. tf as §4..**. 8] 40 °F 60 72. **.108 
9 20°" AO AG Fe SES 30. ** 60 G3. fF" Se 
1.0 20° ** 85 36'S) 163 30 ** 46 Seni «| 
1.25 BOM 26 C7 th AS 25 tired 45. §* og 
1.5 Jor: £' 20 18. ‘4:36 96." ** 30 36 ‘© - 64 
2.0 Boots 9) Say 15 ** 625 9°. oe 


‘ 
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this table the designer will be able to predict, from the 
result obtained by formula (33), the approximate rise of 
temperature in the armature. 


48. Circumferential Current Density of Armature. 
—An excellent check on the heat calculation of the arma- 
ture, and in many cases the only investigation made as to 
its heating properties, is the computation of the circum- 
ferential current density, that is, the total num- 
ber of amperes carried per inch of the armature circum- 
ference. The circumferential current density is found by 
dividing the total number of amperes all around the arma- 
ture by the core periphery: 


xe | 
4 2Ny pa ae at Be: (34) 


o. D.x x. 6.283 XD, XK Np 


c = circumferential current density, in amperes per inch 
of armature circumference; 
N = total number of armature conductors; 
C = total current at armature terminals, in amperes; 
2n, = number of parallel circuits in armature winding; 
D, = diameter of armature core, in inches. 

Having found c from (84), a comparison with Table 
22, compiled from actual machines of various types, 
gives an idea of the temperature increase that may 
be expected in the calculated armature when completed. 
By comparing the average increase derived from Table 
22 with the average obtained from Table 21, a very 
close approximation to the actual value of the tempera- 
ture increase of the armature can usually be gained. 


49. Example of Smooth-Drum Armature.—A bipolar 
smooth-drum armature to produce 40 amperes at a 
constant E. M. fF. of 125 volts when running at 1,800 
revolutions per minute, has been calculated as follows: 
Diameter, 5% inches; length, 94 inches; radial depth 
of core discs, 1g inches; winding, 336 conductors, 
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No. 9 B. & S.; resistance (at 20° C.), .105 ohm. Find 
the probable temperature increase. 


TABLE 22. 


TEMPERATURE INCREASE OF ARMATURE CORRESPONDING TO 
DIFFERENT CIRCUMFERENTIAL CURRENT DENSITIES. 


Temperature Increase of Armature. 
Circumferential 


Current Density. High-Speed Dynamos. Low-Speed Dynamos. 


Amps. p. inch. ; 
Centigrade | Fahrenheit | Centigrade. | Fahrenheit. 


50 to, 100 15° to 25° 27° to 45°] 10° to 20° | 18° to 36° 
100 ** 200 20° **= BS 36° 7** 68.1 35-49 SR etree ee 
— 200 ** 300 30° “© 60 1-64" ** 90) Borie 36 **. 68 
300 ** 400 40. ** 60.) 92 308 Oba cee £5. 8" | 98 
400 ** 500 SOS 8 9G OG Te a ee 54 * 81 
500 ** 600 60 “ - 86') 108 “** 144°) 2 ** 06 63 ‘* 90 
600 ** 700 70 * 90/126 *° 162 1.400 “260 te ** 308 
700: ** . 800 80. 100.) 144... ** J8Os) 160: 276 99 ** 326 
800 ** 1000 iia sees 69 **§ 80 '108 ** 144 


Solution.—The warm resistance of this armature can be 
approximately taken as 1.16 X .105 = .122 ohm, see Par. 
39. The shunt current of a 5 K. W. dynamo, accord- 
ing to Table 18, is between 5 and 6 per cent. of the ter- 
minal current; the total current, therefore, in this case is 
about 1.05 x 40 = 42 amperes. Hence, the power 
absorbed in the winding, by formula (28): 


W,, = 42? X .122 = 214 watts. 
The frequency, from (30), is: 


BN a <X 1 = 80 cycles per second. 
60 y p 


The mass is found by ($1): 
M = (5% — 14)7 X 1§ X .9 X 94 = 190 cubic inches. 
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The flux density, B,, in the armature, is the flux divided 
by the armature cross-section. The flux in the present 
case is: : 


_ 6 X 10° X 1 X 125 
336 X 1800 
and the cross-section of the armature: 
2B, Xx .9L, = 1.8 X 1$ X 94 = 31 square inches. 
Hence we have: 


B,= —_— = 40,000 lines per square inch; 


and, the hysteresis factor, from Table 19, n = .0067. 
From (29) we therefore obtain the power absorhed by 
hysteresis: | 

Wy, = .0067 xX 30 X 190 = 38 watts. 


The eddy current factor for a flux density of 40,000 lines 
per square inch, if the sheet iron used is .020 inch thick, 
is € = .000027, according to Table 20, consequently the 
power absorbed by eddy currents, from (32): 


w. = .000027 x 30° x 190 = 5 watts. 


The approximate cooling surface of the armature, from (7), 
is: 


d 


= 1,240,000 lines, see (21), 


S, =5% x X 9F + (53)? : = 167 + 26 = 193 sq. in. 


Dividing S, by the total power loss in the armature, the 
specific cooling surface is obtained, see (33): 


_ 193 7 

24+ 38+5 
The average temperature increase corresponding to this 
value, according to Table 21, is about 40° C. 

By formula (34) the circumferential current density of the 
given armature is: 


¢ — __336 x 42 
~ 6.2838 x 5$ x 1 


Ss 


.75 square inch per watt. 


= 390 amperes per inch. 
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For this value of c, Table 22 gives an average of 50° C. 
in the present case of a high-speed machine. 


Taking the mean of the two averages found, we obtain 


3(40 + 50) = 45°C. as the approximate average tem- 
perature rise of the armature. 


The armature here considered is that of a machine in actual 


use. It has a temperature rise of 42° C. when running 
continuously at full load. 


50. Example of Toothed Ring Armature.—It is as- 


sumed that the design of a toothed ring armature 
for a 4-pole 330 K. W. compound-wound railway 
generator for an output of 600 amperes at 550 
volts, when running at a speed of 400 revolutions 
per minute, has resulted in the following data: Exter- 
nal diameter of core, 444 inches; internal diameter, 
214 inches; length, 25 inches; radial depth of solid 
portion, 9% inches; number of slots, 90; width of 
slots, 4 inch; depth of slots,12 inches; winding, 4 
copper strips, + inch by 4 tnch, per slot; armature 
resistance, at 20° C.,.008% ohm. Required to prede- 
termine the approximate rise of the armature temper- 
ature. 


Solution.— 


Warm resistance: 7,’ = 1.16  .0087 = .0101 ohm; 
Total current (Table 18): C = 1.02 x 600 = 612 amps; 


*. Power absorbed by armature winding, formula (28): 


w, = 612? x .0101 = 3,780 watts. 


Frequency, formula (80): f = — xX 2 = 13.383 cycles; 
Diameter at roots of teeth: 444 — (2 x 1%) = 41 inches. 


Mass of body, formula (31): 
= (41 — 93) w x 9% X .9 X 25 = 21,537 cu. in. 
Mass of teeth, Fig. 19: 


[ (443)" z — (41)? 7 —90 x 18 x ¥] X .9 x 25 = 2,400cu. in. ; 
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Flux per pole, formula (21): 


po — 8X 10° x 550 
~ (90 X 4) xX 4.0 


= 22,971,000 lines; 
Cross-section of body: 1.8 X 93 X 25 = 438 sq. ins.; 
Cross-section at roots of teeth opposite one pole : 


41x xzw— 90 x 
4 


xX .9 XK 25 = 277 sq. ins.; 


Flux density in armature body: 
22,917,000 + 438 = 52,300 lines per square inch; 
Flux density in teeth: 
22,917,000 + 277 = 83,000 lines per square inch; 
Hysteresis factor for body (Table 19): 7 = .0103; 
_ Hysteresis factor for teeth (Table 19): 7 = .0215; 


»*» Power loss by hysteresis: 
Wy = .0103 X 13.33 X 21,537 + .0215 X 13.33 XK 2,400 
= 2,960 + 690 = 3,650 watts. 


Fic. 19.—DIMENSIONS OF 330 K W. TootrHEeD RING ARMATURE. 


Supposing the iron used in this armature is .0/5 inch 
thick. Since the eddy current loss is proportional to the 
square of the thickness, and since .015’,= 3 X .010’, we 
must multiply the factor found in Table 20 for .010’ 
iron at the given flux density by ($)’, or by ?. The eddy 
current factor for 52,300 lines and .010” iron is .000012; 

hence, for .015” iron, ¢ = .000012 x # = .000027, Sim- 
ilarly for 83,000 lines (density in teeth), ¢ =.000030 x ~ 
=.000068, 
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.". Power loss by eddy currents: 
We = 000027 XK 13.33? x 21,537 + .000068 x 13.337 X 2,400 
= 104 + 29 = 138 watts. 
Cooling surface (Fig. 19): 
S. = (444 — 114)zX 2(25 + 114) = 7560 square inches; 
Total energy loss in armature: 
3,780 + 3,650 + 133 = 7,563 watts; 
.’. Specific cooling surface, by (33): : 
s = 7,560 + 7,563 = 1.0 square inch per watt. 
The average rise of temperature corresponding to s = 1, 
from Table 21, is 373° C. 
Circumferential current density, by (34): 


 , CORA BRE = 
= 6.283 XM KO 394 amperes per square inch. 


Average temperature increase corresponding to c = 394, 
from Table 22, for high-speed dynamo, 50° C. 

Mean of the two averages: 3(374 + 50) = 44° C. 

The actual rise of the temperature in this armature, which is 
that of an existing machine, is about 45° C, 


THE DESIGN OF DIRECT-CURRENT 
DYNAMOS AND. MOTORS. 


DESIGN OF FIELD MAGNET. 


51. General Form of Field Magnet.—With a given 
size (diameter and length) of armature the value of the 
total flux, ®, does not necessarily depend upon the form 
of the field magnet. This is shown by comparing Figs. 
20, 21, and 22,in which armatures of equal size are repre- 


Fics. 20, 21, AND 22.—ARMATURES OF EQualL SIZE IN BIPOLAR, 
: FOUR-POLE, AND EIGHT-POLE FIELDs. 


sented in bipolar, four-pole, and eight-pole fields. <As- 
suming that in all three cases the polepieces cover a like 
portion of the armature periphery, then the total number 
of magnetic lines entering and leaving the surface of the 
armature is the same in the three designs. This is evi- 
dent when it is considered that by the above assumption 
the total number of square inches covered by the pole- 
pieces in Figs. 21 and 22 is equal to those in Fig. 20, and 
that each square inch contains the same number of lines 
at the given flux density. In practice the flux density is 
usually less in bipolar than in multipolar machines, but 
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this difference is not a necessity and need not be consid- 
ered in the preliminary determination. 

It is generally known whether the machine is to have two 
poles or more, but in any case it is an advantage for the 
designer to be free tv alter the form of the field magnet 
without being obliged to change the general dimensions 
of the armature, although the relative diameter would 
ordinarily be made greater for a multipolar machine. 
The last-named fact, however, need not increase the sur- 
face cf the armature required for carrying the conductors 
and getting rid of the heat generated in them. 

. This brings us to the consideration of the comparative ad-: 
vantages of bipolar and multipolar field magnets, which 
is a much-discussed question. Prior to 1890, the bipolar 
construction was generally employed for all direct-current 
machinery, but since that time the multipolar form has 
been adopted by nearly all manufacturers in this country 
and in Kurope, for sizes down to about 4 or 10 K. W., and 
even below this for low-speed machines, In England, 
however, it is still common practice to build bipolar gene- 
rators and motors as large as 100 or 200 K. W. 


52. Advantages and Disadvantages of Multipolar 
Machines.—The advantages of multipolar dynamos 
are the following: 

(1) Saving in weight of material for both armature and 
field magnet; 

(2) More compact and symmetrical form; 

(3) Better ventilation of armature and field magnets; 

(4) For armatures of the same diameter, the individual 
parts of the field frame are much smaller and more easily 
handled in the multipolar than in the bipolar type. 

The disadvantages of multipolar machines are: 

(1) Greater complication, owing to the increased number of 
parts and connections; 

(2) Strong magnetic side pull on armature, even when only 
slightly nearer one polepiece than another; much greater 
than in bipolar field; 


DIRECT-CURRENT DYNAMOS AND MOTORS. 63 


(3) With multiple circuit armature windings (Figs. 14 and 
15), the flux must be the same for each pole, otherwise 
the E. M. F. of the circuits will be unequal, producing 
wasteful currents in them, which, in turn, cause excessive 
sparking and heating. This difficulty is not present in 
two-circuit windings (Fig. 16), using. only two sets of 
brushes. 

The saving in material is clearly shown by comparing Figs. 
20 and 21. In the former, it will be seen that the arma- 
ture must carry 4 the totai flux between its shaft and 
periphery, while in Fig. 21 the armature cross-section is 
only required to carry 4 the total flux, hence the radial 
depth B of the armature core in Fig. 21 need be only one- 
half as great as A in Fig. 20. This allows the core of the 
four-pole machine to be hollowed out as shown in Fig. 21, 
thus reducing its weight. It will be observed that the 
bulk of the field magnet is also less for the multipolar 
than for the bipolar construction. 

The difference is still more marked when we compare the 
eight-pole machine in Fig. 22 with the bipolar type in 
Fig. 20. In Fig. 22 the radial thickness of the neld ring 
is only 4 as much as in Fig. 21, and 4 as great as the 
thickness of the yoke in Fig. 20, and the armature may 
be hollowed out to a radial thickness, C, of only } that of 
the bipolar armature, A, as shown, the tvutal flux being 
the same for all three designs. The external diameters 
of the armatures being the same, it follows that an equal 
number of similar inductors can be carried in each case. 
In short, the capacity of the multipolar machines in Figs. 
21 and 22, considered either as generators or motors, is as 
great as that of the bipolar form in Fig. 20, although the 
volume of material is decidedly less for the multipolar 


types. 


53. Proper Number of Poles for Multipolar Field 
Magnets.—In the case of a machine of considerable 
size, for which a multipolar field would almost surely be 
adopted, the next step is to decide upon how many poles 
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it is best toemploy. This is a question partly of select- 
ing a size and number of field cores, coils, etc., convenient 
for making and handling, but it is chiefly a matter of the 
number of magnetic cycles per second occurring in the 
armature core. If we consider any particular cubic inch 
of the iron forming this core, it is evident that its mag- 
netism is reversed once for each pole that it passes. A 
complete cycle of magnetic changes takes place tn passing 
a north and a south pole, hence the number of cycles per 
second is the number of pazrs of poles passed in one sec- 
ond, that is, 


In this expression, / is the number of cycles per second, 
corresponding to the frequency of an alternating cur- 
rent; n, is the speed of the armature, in revolutions per 
minute; and mp is the number of pazrs of field magnet 
poles. , 

Direct-current machinery is designed, generally, so that f 
is between JO and 35 cycles per second. This limits the 
nuinber of poles, the object being to reduce the core 
losses, that is, the losses due to hysteresis and eddy cur- 
rents in the armature, the former, as we have seen in 
Par. 44, being proportional to f, whereas the latter in- 
crease with the square of f, Par. 45. The lower fre- 
quency of about 10 or 15 cycles applies to low-speed 
machines for direct connection to engines, etc., and the 
higher frequency of 30 or 35 is adopted in high speed, 
belt-connected generators and motors. 

By transformation of (35), it follows that the maximum 
speed of a fouwr-pole machine (? pairs of poles) should 
be 


na OXF _ OX 8 


. is 9 = 1050 revs. per min. 


In some instances, four-pole machines are run at higher 
speeds than this; for example, 1200 revs. per min., which 
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gives 40 cycles. But this is rather too high a frequency, 
and should not be adoptad except for special reasons. 


If the values n, = 1, 2, 3, 4, etc., and f = 10, 15, 25, and 


35 be inserted in the above formula for 7,, the following 
table of dynamo speeds for various numbers of pules is 
obtained. From this table the proper number of poles 
for low, medium, and high speed machines of given 
speeds can be readily taken. 


TABLE 23. 


NUMBER OF MAGNET POLES FOR VARIOUS SPEEDS. 


Wusiies Limits of Speeds. 
< Low Speed Medium-Speed High Speed 
Poles Machines. Machines. Machines 
. f = 10 to 15. f = LAG. f = ~i to 35. 
2 600 to 900 900 to 1500 1500 to 2100 
4 300 ‘* 450 450 **. 750 750 ** 1050 
6 200 ** 300 300 ** 500 500 ** 700 
8 150 ** 225 225 ** BTS B76 “* 625 
10 120 ** 180 180 ** 300 300 *£ 420 
12 100 ** 15! 150. ** "260 Rot Ps BAO 
14 85 **.130 130 ** °215 Shp "= BOO 
16 ro * 115 tae “F90 THe f4.. 260 
18 ees S'C) 100.170 T7O\**). 230 
20 60 **° 90 90.-<%-- 260 150 ** 210 
(24 50 ** <95 Te © = 325 2 Oy ETO 


Generally speaking, the bipolar type is used for high 


speeds, such as 7500 revs. per miu. or more. <A further: 
reason for selecting the bipolar type for very high speeds 
is the fact that machines running at 1,5 0 revolutions, or 
more, are usually quite small. For speeds between 400 
and 900 revs. per min. the four-pole construction is 
especially suitable, giving frequencies from 154 to 30 
cycles. This includes nearly ull belted dynamos and mo- 
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tors, from the large sizes of 200 K. W., or more, down to. 
about 10 K. W., below which the bipolar form is gen- 
erally used for the reasons given. Between 200 and 400° ° 
revs. per min. 6 poles are commonly adopted, the cor- 
responding frequencies being from 10 to 20 cycles. ‘This 
range of speed comprises practically all generators directly 
connected to high-speed engines, from the largest to the 
smallest, excepting combinations with very high-speed 
engines of 600 revs. per min., or more, for which 4 poles. 
would be preferable. When a dynamo is directly driven 
by a steam turbine, at an extremely high speed without. 
reducing gear, the field should be of the bipolar type. 
For speeds below 200 revs. per min. the number of 
poles is generally increased to 8 or more. This applies to 
most generators directly connected to low-speed engines. 

In some cases motors of various sizes, even down to Jor 2 
H. P., are required to run at low speeds in order to be 
connected directly to the machines which they drive. 
For this purpose 6 poles are suitable for speeds from 200 
to 400 revs. per min., and 8 or more poles if the speed is be- 
low 200 revs. permin. Electric railway motors are nearly 
always constructed with 4 poles, the speed being very 
variable, but having a maximum value in most cases of 
about 800 revs. per min. This gives a rather high fre- 
quency of 26% cycles, but,as the maximum speed is rarely 
maintained for more than a few minutes at a time, the 
heating due to hysteresis and eddy currents in the arma- | 
ture core does not rise above the limit allowed. The 
average speed corresponds to a moderate frequency of 15 
to 20 eycles. 


54. Sectional Area of Magnet Frame.—The proper 
number of poles having been decided upon, the next step 
is to find the approximate size of the field magnet required 
in a given case. 

The cross section of the field magnet is determined by the 
total flux which it has to carry, sufficient area being 
allowed to avoid excessive flux density in the iron. The 
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probable flux in the armature being given by (21), it is 
necessary to make the cross-section of the field cores, and 
other portions of the field magnet, large enough to carry 
this useful flux plus the leakage lines which do not pass 
through the armature. 

The number of leakage lines is usually from J0 to 50 per 
cent. of the useful flux for bipolar toothed-armature 
machines. With bipolar smooth-core armatures the 
leakage is considerably greater, ordinarily amounting to 
from 25 to 100 per cent., according to the size and type of 
the machine. Hence, the total flux of a bipolar machine 
is from 1.10 to 2.00 times the useful flux, this multiplier 
being called the leakage factor (see Par. 55). For 
multipolar machines the general form that has been 
adopted almost universally is the ring type, represented 
in Figs. 21 and 22; with this form of field magnet the 
leakage factor ranges from 1.08 to 1.20 in case of a toothed 
armature, and from /.15 to 1.50 in case of a smooth arma- 
ture, according to the size (see Table 24). 

Denoting the leakage factor by A, it follows from the pre- 
ceding that the cross-section of the field magnet is: 


g —~ 1 X?_ 6X1! xXnm x EXA 
ea se N Xn, X Bn 


where all symbols have the same meaning as in (21), 
and B,, is the flux density in the field magnet. The lat- 
ter should be taken between 80,000 and 100,000 lines per 
square inch for wrought cron and cast steel, and between 
40,000 and 50,000 lines per square inch for cast tron. 

In case of bipolar machines, S, is the cross-section of one 
core; but for multipolar machines, since ® is the sum of 
the lines which enter the armature from all the north 
poles, S, is the total cross-section of all the north poles, 
and must therefore be divided by the number of pairs of 
poles, mp, in order to give the area of one core. 

The yoke, or other part connecting the cores, should have a 


sq. ins.,....(36) 


cross-section of o square inches, if it carries all the lines 
ts 
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of one south pole to one of the north poles, as in Figs. 20 
2Np 
inches, if one-half the lines of each south pole are carried — 
by it to the next north pole on one side, and the other haif 
to the next north pole on the other side, as is the case with 
the types shown in Figs. 21, 22, and 24. 


and 23; or it should have a sectional area of square 


Fic. 23.—Four-POLE TYPk. IN Fic. 24.— BIPOLAR TYPE, IN 


WHICH THE YOKE CARRIES WHICH THE YOKE CARRIES 
ALL THE LINES FROM HALF THE J.INES FROM 
ONE POLE. ONE POLE. 


55. Factor of Magnetic Leakage.—In Table 24 the usual 
values of the leakage factor for the types of machines 
most commonly employed for direct-current dynamos are 
compiled. The higher values for each size refer to the 
most unfavorable conditions as regards magnetic leakage. 
namely, to a smooth-core armature, to a massive magnet 
frame with cast tron polepieces, and to high speed. 

- The lower values in each case are for the mest favorable 
magnetic conditions brought about by the employment of 
a toothed armature, a wrought tron or cast steel field 
frame, and luw speed. With toothed armatures, the 
length of the air gap is much less than for smooth-core 
armatures, hence the gap reluctance is smaller than for a. 
corresponding machine having a smooth armature, and 
therefore the leakageis proportionately diminished. The 
use of wrought tron or cast steel for the field frame 
has the effect of materially reducing the areas of the 
leakage paths without much affecting their lengths; the 
leakage of a wrought iron or cast steel machine is conse- 
quently less than that of a cast iron machine, other con- 
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ditions being the same. In case the machine is designed 
for low speed, its armature will be proportionately larger, 
and its leakage, therefore, is reduced to that for a cor- 
respondingly. larger output. In machines of small ca- 
pacity, the employment of a ring instead of a drum 
armature likewise increases the size of the armature and 
reduces the leakage. . 

~The fact that the leakage factor decreases with the size of 
the machine is due to the difficulty, or ratherimpossibility, 
of advantageously dimensioning the magnetic circuit in 
small machines. In these the length of the air gaps is 
comparatively much larger, and the distance of the leak- 


TABLE 24. 


LEAKAGE FACTORS FOR VARIOUS TYPES AND SIZES OF 
DYNAMOS. . 


Ordi ted ¥e la¢ | Multipola 
Capacity Horseshoe pee, Bet ees upc : 
of “Type. Type. Type. Type. Type. 
Dynamo, 
in 
Kilowatts. 


Fae 


al 1.50 fo 2.00] 1.40 fo 1.75 1.25 I 1.50 

25 W45 - 180/135 « 160]145 200) 1.22» 140 

5 H.40 «© 1:70) 130 » L500] 1L40 « 190] 120+ 135 

i 1.35 « 1651 1.25 + 145])135 6 180) 118 « 30 
2.5 1.30 » 160) 1.20 + +40) 130 + 1.70) 116 « 128] 1.35 61.75] 1.20 1 1.50 
5 1.25 + L55/ 618 * 1351125 « 160] Li4 « 125/132. 165/418 , 140 
10 122 . LSOL LNG © 130] 120 + 55] 112. 122) 130. L6O] LG . 135 
25 1.20 + 145/114 © 125/118 +» LS5O] 110 . 120) 128 + L555] 415 - 132 
50 LIS « L40}Li2 « £22) 116 + 1451109 - 1181 126- 150/114 « 130 
100 L1G « LBSPINO + L201) 415 + 140] 1.08 - LIS | L246 L45] 113 » 128 
200 hi ¢ f30l. ——— gees janes 122. 1.40] bi2 . 625 
300 1.12 +125) —- — —— |{120- 135) 401 + 122 
500 aoe prasad ae — — 110 + £20 
1000 — —— —— Sees — | 109.118 
2000 ee a ition pene aes | [08 - 115 


age surfaces much smaller, than in large dynamos; the 
reluctance of the air gaps, therefore, is relatively much 
larger, while the reluctances of the leakage paths are con- 
siderably smaller, comparatively, than in large machines. 
Since'each of these causes will individually effect a greater 
leakage, it is evident that their combined result will pro- 
duce a high value of the leakage factor for asmall dynamo, 
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56. Length of Magnet Cores.—The length of the magnet 


5%. 


cores must be chosen so as to provide. sufficient space for 
the field winding, without, on the other hand, making the 
length of the magnetic path excessive; or, since the latter 
consideration usually ‘predominates over the former, the 
cores should be made as short as possible without increas- 
ing the thickness of the winding to an undue amount. 

In b7polar machines with toothed armatures the length of 
each field core is usually about J to 7} times the core diam- 
eter for small sizes, in which the diameter of the magnets is 
from 2 to 5 inches. For larger sizes, up to 18 or 20 inches 
diameter, the length of the magnet cores is ordinarily from 
3 to J1 times the core diameter: and for diameters above 
20 inches, the length is frcm 0 to 33 per cent. less than 
the diameter. In the case of a bipolar smooth-core arma- 
ture, the length of the field magnet is about 40 per cent. 
greater than for a corresponding bipolar toothed arma- 
ture, to give more space for the additional winding 
required by the larger air gap. 

In multipolar smooth-armature machines, the usual prac- 
tice is to make the length of the magnet cores from 4 to 
1} times their diameter; for large machines the length is 
chosen between } and } of the diameter; for medium-sized 
machines between 3 and J; and for small machines be- 
tween J and /1 times the diameter. For toothed-arma- 
ture machines the length of the cores is made from % to ? 
that of a corresponding smooth-armature dynamo. 


Length of Air Gap.—The air gap is made small with 
toothed armatures, being determined by the following 
conditions: 

1. Suffic'ent mechanical clearance for free rotation; 

2. Avoidance of eddy currents ‘in the pole faces, explained 
in connection with Figs. 2 and 3, page 8; 

8. Reduction of side pull on armature, epereey. in multi- 
polar fields (cee Par. 52); 

4. Sufficient distance between armature core and bare sur- 
face to overcome armature reaction. 
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As a result of the above considerations, the length of the 
air gap with toothed armatures is made from ;; inch in 
small bipolar machines to } or 4 inch in large multi- 
polar ones. 

For smooth-core armatures the air gap is necessarily greater 
than for a corresponding toothed armature, as it includes 
the height of the winding as well as a proper mechanical 
clearance, which ranges from 3°; inch in small machines 
to § inch in large ones. 


TABLE 25. 
RADIAL CLEARANCE BETWEEN ARMATURE AND 
POLEPIECES., 

Diameter Smooth-Core Armature. Toothed 
of Armature, or Perforated 
in inches. Drum. Ring. Armature, 

2 3°3 * 7. 1 
4 % 32 $I 
8 BE $ ne 
12 75 ve $ 
18 3 15 ve 
24 t 33 Te 
30 Py + 32 
40 Nt 35 + 
50 ae sz 
76 $ 1 
100 qs 4} 
125 $ & 
150 tr ie 
20) 2 4 


Table 25 gives the clearances usually allowed for various 
types and sizes of armatures. For toothed and perforated 
armatures the figures given are at the same time the 
lengths of the air gaps, but for smooth armatures the 
clearance must be added to the height of the winding 
space given in Table 14, in order to obtain the fength of 
the air gap. 


re 
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58. Example.—Determine the approximate size and form 


of field magnet required for an armature, 12 inches 
in diameter and 103 inches long, to run at 1,200 
revolutions per minute, 

Solution.— With this size and speed, either the bipolar or 
the four-pole construction may be adopted. Let us con- 
sider both cases, taking the bipolar type first. 

We will assume that it was found in calculating this arma- 
ture that the flux required to cause the desired output is 
® = 5,000,000 lines. This, as can be found by means of 
formula (22), would make the field density about 

B, = 3 ar pe 30,500 lines per square inch, 
which is a good value for an armature of the given size. 

The usual leakage factor for this size of bipolar smooth- 
armature machine is about A = 1.40; consequently, the 
total flux in the field magnet will be 


d' = 1.4 X 5,000,000 = 7,000,000 lines. 


The cores in the present case will preferably be made of 
wrought tron, for which the average practical flux den- 
sity is Bm = 90,000;, hence, the required cross-section of 
the field magnet: 


® 7,000,000 


eo Se SAS ‘ : 
Bu 90,000 square inches 


Sn = 


If circular cores are used, their diameter should con- 
sequently be: 


4 
po Ba V/ Sr x a 777.8 X 1.273 = 10 inches. 


The approximate length of the magnets, in the case of an 
armature with a toothed core, according to Par. 56, is 
between ? and 1} times the diameter, if the latter is be- 
tween 5 and 20 inches. In the present example we will 
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take a multiplier somewhat smaller than the average of 
the figures given above, say .9, and we have: 


Lm = 10 X .9 = 9 inches. 


In case of a smooth armature, this length should be in- 
creased by 50 per cent., for the reason stated in Par. 56; 
consequently for the smooth-armature design: 


Im = 9 X 1.5 = 184 inches. 


52. Bipolar Design.—To lay off the complete magnetic cir- 
cuit, draw the pole faces AB and CD in Fig. 25, making 
each an arc of about 135°, corresponding to a polar em- 


Fic. 25.—MAGNETIC CIRCUIT OF BIPOLAR MACHINE, 


brace of 75 per cent. The distance at which these arcs 
are placed from the 12-inch circle representing the arma- 
ture depends upon whether the latter has a toothed or a 
smooth core. In the former case, the air gap HF’ should 
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be made about }inch, whereas in the latter case G-H should 
be either about 4 inch for a ring armature, or about 7 
inch for a drum (compare with Tables 14 and 25). 

The lines BJ and DJ are then drawn vertically downward 
from the points B and D, a distance equal to the length 
of the cores, which, since wrought iron polepieces are 
used, is 9 inches or 13} inches, according to whether 
the armature has a toothed or a smooth core, respectively. 
The diameters IK and .’Z are made equal to Dn, which 
has been found to be 10 inches. In Fig. 25 the toothed- 
core design is shown at the left side of the center line and 
the smooth-core design at the right side, so that a com- 
parison can be made at a glance. 

The yoke of a bipolar machine is usually made of rectangu- 
lar cross-section having a breadth equal to the diameter 

of the cores. Its height JM or JWN should therefore in 


this case be as = %# inches, provided the same material 


is employed as for the cores. The cross-section of the 
yoke is thus made equal to that of the cores, and is kept 
practically uniform throughout; whereas the polepieces 
may be tapered, as shown, so that the middle section at 
HO is about % as large as the core-section, or about 


xX 77.8 


10 = 5 inches 


thick, the divisor 103 being the length of the polepieces, 
which is equal to that of the armature. If the distribu- 
tion of the lines in the air gaps were uniform, only 4 the 
total flux would pass through the section HO; but when 
the field is distorted by armature reaction, the flux in the 
upper half of one of the polepieces may increase to about 
2 of the total amount. 

The radial depth of the armature core required to carry 
the flux @ is: 


vi 5,000,000 
*"~ 2 80,000 xX 103 x .95 


= 34 inches, 


DIRECT-CURRENT DYNAMOS AND MOTORS. 75 


when a flux density of 80,000 lines per square inch of 
armature cross-section is taken, and when 5 per cent. of 
the length is allowed for insulation between the armature 
laminz. With a smooth core this dimension is laid off 
at PQ, and in a toothed armature at RS. This fixes the 
internal diameter at 


12 — (2 X 34) = 12 — 64 = 5} inches, 
in the former, and 
52 inches minus twice the depth of the teeth 


in the latter case. 

It will thus be noted that the effect of putting slots in the 
armature core, or of varying their depth. is to correspond- 
ingly change the internal diameter of the armature. 
With a drum winding this makes no material difference 
in the design, but with a ring winding it is essential to 
provide sufficient space for the winding to pass through 

| the interior, and also to leave room for the shaft and 
» Spider which carry the armature. If the space left after 
deducting B, and twice the depth of the slots from the 
external diameter is found too small for the above pur- 
poses, an increase in the internal diameter is necessary 
which would raise the density of the lines in the arma- 
ture if the design were left unaltered. ‘To avoid an ex- 
cessive flux density from this cause, the external diame- 
ter of the armature must be correspondingly enlarged, 
with the consequence of increasing the distance BD be- 
tween the field cores, and of lowering the flux density in 

the air gap. 


60. Four-Pole Design.—If the armature given in Par. 58 
is to run in a four-pole field, the armature flux would be 
the same as before, if the flux density in the air gaps and 
the polar embrace were the same. In multipolar ma- 
chines the former is usually somewhat greater, and the 
latter a little less, than in bipolar machines, hence we will 
assume that the armature flux is 5,000,000 lines, as in 
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Par. 58. The leakage factor, however, is smaller for a 
multipolar dynamo than for a bipolar machine of equal 
output; see Pars. 54 and 55. For a four-pole machine 
of the size under consideration the average value of A is 
about 1.25 instead of 1.40, which it was in the bipolar 
design. The field flux required for the four-pole frame 
will therefore be about 


®' = 1.25 X 5,000,000 = 6,250,000 lines. 


Each field core carries one-half of the total flux, because all 
the useful lines enter the armature from the two pole- 
pieces of north polarity, and pass to the two south-poles; 
hence each core must carry 3,125,000 lines. If composed 
of wrought iron or cast steel, a flux density of 90,000 lines 

per square inch may be allowed, requiring a sectional area 


of 
g = 3:125,000 
=~ 90,000 


The corresponding diameter is: . 
Dm = V 34.7 X 1.273 = 6% inches. 


The length of the magnets in case of a smooth-armature 
machine, according to Par. 56, is approximately: 


Im = 6% X .85 = 52 inches, 


= 34.7 square inches. 


and in case of a toothed-armature machine: 
Un = 58 X .7 = 4 inches. 


In Fig. 26, the field cores for the toothed armature are 
drawn to scale at BI, at the left side of the center line, 
and for the smooth armature at DJ, at the right side, as 
in Fig. 25. 

The yoke in the four-pole design carries but half the lines 
of each magnet, hence its cross-section need only be one- 
half the area of one magnet core, or 17.4 square inches, 
Making the frame 8 inches wide, which gives a flange, or 
overlap, of 44 inch on either side of the cores in the direc- 
tion of the shaft, the radial thickness JM or JN of the 


= 


a 
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yoke will be 17.4 + 8 = 2.2, which we will raise to 2} 
inches to allow for rounding the corners of the yoke- 
section. 

With the same armature flux, the radial depth of the 
_armature core is one half as great in Fig. 26 as it is in 
Fig. 25, since in the four-pole design the armature flux is 


‘ 
‘ 
\ 
\ 
> 
ad 
© 


Fig, 26.—MAGNETIC CirRCUIT OF FouR-POLE MACHINE, 


split upinto four circuits, while in the bipolar frame there 
areonly two flux pathsthrough the armature (see Par. 52). 
Therefore PQ, for a smooth core, and RS, for a toothed 
armature, is made 3{ + 2 =1,% inches, which determines 
the internal diameter. The air gap is left the same as 
before, being 4 inch for a toothed armature and 4 inch 
for a smooth ring core. 


61. Form of Magnet Cores.—In the preceding paragraphs 
it has been assumed that the field cores were simple cylin- 
ders having a straight axis and a circular cross-section. 
This is ordinarily and preferably the case. 


DIRECT-CURRENT DYNAMOS AND MOTORS. 


Any departure from a circular cross-section is objectionable 
for the following reasons: : 

1. The circle has the least circumference for a givén area, 
even the perimeter of an equivalent square being: about 
12 per cent. longer; and a rectangle with one side three 
times the length of the other, has a perimeter nearly 30 
per cent. greater than that of a circle of equal area. 

2. It is much easier to make a cylinder, since the pattern 
and core itself can be turned in a lathe. 

3. Cylindrical spools for the coils are more easily made than 
elliptical or rectangular ones. 

4, The operation of winding is much more difficult with a 
rectangular or elliptical core, since the strain on the wire 
is very unsteady. 

5. A rectangular, or even an elliptical, core is much more 
likely to cause a short-circuit between the turns of wire, 
since they are forced together at certain points and are 
liable to cut through the insulation. | 

Similar arguments apply to a core having a curved axis, 
that is, those having ring or bow-shaped field-magnet 
cores. These latter are far more difficult to wind, and 
possess little or no compensating advantage. The short- 
ness of magnetic circuit which is claimed for them is very 
doubtful, for the reason that the actual length of core re- 
quired for equal average depth of winding is greater than 
if it were straight, since the winding on the inner side of the 
curve is higher than on the outer side. It often happens 
that, in the design of dynamos, it is apparently desirable 
to adopt a core which is not circular in section, or has a 
curved axis; but it is better to change the entire design in 
order to avoid these forms, except, perhaps, for a special 
machine to fit in a certain limited space. 

In the case of multipolar magnets of the ring type shown in 
Figs. 21 and 22, the inner ends of the cores form the pole 
faces; and since it is desirable for the latter to be rectan-: 
gular rather than circular, in order to have as much sur- 
face as possible, it is a common practice to make the cores 
rectangular also. But when the pole faces are extended 
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by casting or attaching polepieces to the cores, as in Fig. 
26, the latter should have a circular section. 


CALCULATION OF MAGNETIZING FORCE. 


62. Total Magnetizing Force.—The number of ampere- 
turns required to produce the necessary flux through the 
magnetic circuit is the sum of the ampere-turns required 
to overcome the reluctances of the various parts of the 
circuit and of the ampere-turns needed to counteract the 
effect of the armature reaction on the magnetic fied. 
The formula for the totai magnetizing force, therefore, is: 


= at, -+ alg te Obey FH Gby. west esc: (3'7) 


in which AT = total number of ampere-turns required; 

at, = ampere-turns necessary to overcome the 
reluctance of the air gaps; 

at, = ampeve-turns to overcome reluctance of 
armature core; , 

at, = ampere-turns to overcome reluctance of 
magnet frame; 

at, = ampere-turns necessary to compensate for 
armature reaction (Book 15, Pars. 
56 to 65). 


63. Magnetizing Force Required for any Part of a 
Circuit.—Each of the three terms af,, at, and at, in 
the above formula (37) can be obtained from the law of 
the magnetic circuit stated in Par. 35, Book 15: 


Fluc = Magnetomotive Force 
Reluctance 


which can also be written in the form: 


Magnetomotive Force = Flux x Reluctance. .(38) 


According to Par. 32, Book 15, the recipiodal of re- 
luctance is called permeance, hence © 
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Flux 
Permeance 


~~ 


Magnetomotive Force = 


But the permeance, that is, the magnetic conductance, of 
a path may be expressed by the permeability of the 
material and the dimensions of the magnetic path, just as 
the electric conductance of a body is its conductivity 
times its area, divided by its length; consequently we 
have: 


aff Area 
Permeance = Permeability x Lengit 


Inserting this expression of the permeance into (88), we 
obtain 


Flux x Length 
Permeability x Area 


Magnetomotive Force = 


and since the quotient of flux by area is the magnetic flux 


‘ density B, we have 


, _ Density 
Magnetomotive Force = Pactacauian x Length, 
or M. MF. = rae eee mele (39) 


From (39) the magnetomotive force is obtained in gil- 
berts, if the density B is expressed in lines per square 
centimetre and the length ZL, in centimetres; hence, ac- 
cording to Par. 34, Book 15: 


Ampere-turns = .796 x gtlberts 


= "Og x Density 


Permeability Leng 


or in symbols, practically: 


ae as . et eee (40) 


- Ifthe length of the path is given in inches, and the flux 


density in lines per square inch, we have: 
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Length in cm. = 2.54 X Length in inches, 
or L = 2.54 xX L’, no 
Lines per square inch 


Lines per square cm, = B45 > 
B’ 


or B = 6.45? 


in which the inch mark (") is used as an index to desig- 
nate the quantities expressed in English measure. 
Substituting the above values, formula (40) becomes: 
” B’” 


The permeability of air being practically 1, the ampere- 

turns required to overcome the reluctance of the air gap are: 

Bie. S018 KS Rdg gi eae be dite si (42) 

in which B,” is the flux density per square inch of gap 

area, and /,” is the length in inches of the magnetic paths 
in both air gaps. 

Since in (39)is the magnetizing force, H, in gilberts per 


7 


centimetre, it follows that .313 x “ in (41) is the ex- 


pression for the magnetizing force, in ampere-turns, re- 
quired per inch length of the circuit in order to cause. a 
flux density of B” lines per square inch. Designating 
this specific magnetizing force in English units by H’, 
we have: 


“MS Gap Speers womens tee ooeeee(43) 


In practice, magnetization curves are used in which the 
values of the specific magnetizing force H’, correspond- 
ing to various densities B’, are plotted for the different 
kinds of iron employed, so that the calculation of - the 
ampere-turns for any part of a magnet circuit resolves 
itself into the very simple operation of finding from: the 
curve the specific magnetizing force H” for the particu- 
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._ lar kind of iron used and for the flux density employed in 
that part of the circuit, and in multiplying the value so 
found by the mean length of the magnetic path in the 


TABLE 26. 


SPECIFIC MAGNETIZING FORCES FOR VARIOUS 
DENSITIES IN DIFFERENT MAGNETIC MATERIALS. 


Ampere-Turns per Inch Length of Circuit, H’’. 
Flux Density 
kif 
<1 peed Annealed ; 
sq. in. Soft Very Soft | Ordinar 
- si ae Cast Steel. Cash Tron. | Cast feen . 
5,000 1.7 2.8 10 13 

10,000 Rd 3.7 14 19 
15,000 2.0 4.3 18 24 
20,000 3.0 5 24. 31 
25.000 4,5 5.8 31 40 
30,000 ar) 6.6 42 50 
35,000 6.5 4.0 54 65 
40,000 1.9 -8.8 ‘% 88 
45,000 8.5 10 95 116 
50,000 9.6 12 128 160 
65,000 1] 14 170 R22 
60,00 13°: 16 230 295 
65,000 16 19 300 400 
70,000 20 aa 400 570 
75,000 25° rat 525 oe 
80,000 31 34 700 
85,000 40 44 eh 
90,000 5) 57 
95,000 67 te 

100,000 91 100 

105,000 137. 160 

110,000 290 3825 

115,000 500 550 

120,000 700 750 

125,000 900 950 

130,000 11¢0 1150 
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part of the circuit under consideration. In this manner 
the values of at,, and at, in (3'7) can be obtained, the 
former by one single operation if the field frame is all of 
the same material, or by adding several products if vari- 
ous portions of the magnet frame are made of different 
materials. 


The exact calculation of the compensating ampere-turns, 


at,, is shown in Par. 65; for preliminary calculation of 
the magnetizing force, however, it is sufficient to increase 
the sum of the gap, armature, and frame ampere-turns 
by 75 or 20 per cent., to make up the demagnetizing 
tendency due to armature reaction. 


64. Magnetization Curves.—lIn Fig. 27 the magnetization 


65. 


curves are given for cast tron, wrought tron, and cast 
steel, the values being averaged from tests of various 
brands of each kind of iron. These curves are well 
adapted for the student's use, but the practical dynamo 
designer will obtain closer results by using curves plotted 
particularly for the iron whichhe employs. For the con- 
venience of the student the values contained in Fig. 27 
are given in Table 26, 


Magnetizing Force for Compensating Armature 


Reactions.—The armature current, in magnetizing 
the armature core, exerts a double influence upon the 
magnetic circuit: (1) a direct weakening influence upon 
the magnetic field, due to the lines of force set up by the 
armature winding, and (2) an indirect, secondary influ- 


ence by shifting the magnetic field in the direction of the 


rotation in case of a generator, and in the opposite direc- 
tion in case of a motor, thereby causing greater magnetic 
density to take place in those portions of the polepieces at 
which the armature leaves the pole than in those at which 
it enters. 


The direct weakening effect of the armature current, or the 


number of field ampere-turns which are neutralized by 
the influence of the armature current, is equal to the back 
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ampere-turns, or those within the demagnetizing belt; 
see Par. 61, Book 15. This demagnetizing number of 
ampere-turns is equal to 54; of the total armature turns 
multiplied by twice the angle of the brush lead, or: 


NxC * eae, 
_—— eee - Lae 
at = on, Tao vtec (44) 
in which N' = total number of turns on armature; 

C =current flowing in armature; 

2n, = number of parallel armature circuits; 

a = angle of field distortion, or angle of brush 

lead. 


_ The number of armature turns, N’, is equal to the number 
of armature conductors, NV, in case of ring-wound arma- 
tures, and equal to one half the number of conductors in 
case of drum-wound armatures. 

The angle of field distortion in a smooth-core armature is 
approximately equal to half the angle between two adja- 
cent pole corners. In toothed and perforated machines, 
the weakening effect of the armature magnetomotive force 
is checked by the presence of iron surrounding the con- 
ductors, this checking influence being the stronger the 
greater the ratio of tooth section to field density, that is, 
the smaller the tooth density. The angle of lead in 
toothed armatures is from .3 to .9 times the half-pole- 
angle, and for perforated machines from .2 to .8 times 
that angle, according to the flux density in the teeth. 
For the tooth densities usually employed in practical 
machines, the above formula (44) should be multiplied 
by 4 or % for toothed armatures, and by 4 or } for per- 
forated armatures. : 

The indirect influence of the armature field, due to the 
greater magnetizing force required on account of the 
increased flux density in the armature teeth and pole- 
pieces, depends upon the material of, and the average 
density in, the polepieces. The number of ampere-turns 
required to compensate for the indirect effect is usually 
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from 24 to 100 per cent. of direct compensating ampere- 
turns; hence, the total number of compensating ampere- 
turns is from 1.25 to 2 times the direct compensating am- 
pere-turns and can therefore be expressed by the formula: 


ry ts Gap at 6 a 
Oh Rr A get eae sacle Mek 6 See ate Re +++-(45) 
in which k is a factor which usually varies from 1.25 to 


2.00, as follows: 


k = 1.25 to 1.75, average 1.5, for wrought tron and 
cast steel polepieces; 
k = 1.50 to 2.00, average 1.75, for cast tron pole- 
pieces. 
The average of k for wrought iron and cast steel corre- 
sponds to a mean flux density of about 105,000 lines per 
square inch; the lower limit is for 80,000 lines, or less, and 
the upper figure given refers to a density of about 120,000 
lines per square inch. For cast tron the average corre- 
sponds to a mean density in the polepieces of about 
45,000 lines per square inch; the minimum corresponds 
to 20,000 lines, or less. and the maximum is to be taken 
when the average density in the polepieces is about 
60,000 lines per square inch. 


66. Calculation of Ampere-Turns for Bipolar Smooth- 
Armature Dynamo.—The various dimensions of the 
magnetic circuit of the machine represented at the right 
in Fig. 25 having been determined, the ampere-turns 
required in the field coils are calculated as follows: 

The number of ampere-turns needed to overcome the reluct- 
ance of the two air gaps is obtained from (42), in which 
for the present case B,” = 30,500 lines per square inch 
(see page 72), and/,” = 2 x 4 X 1.25 =I1t inches. The 
average length of the magnetic lines in the gaps is here 
taken 25 per cent. greater than twice the distance across 
from polepiece to armature core, because. when the ma- 
chine is carrying current in the armature, the lines do not 
pass straight across in the direction of the radius, but are 


® 
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more or less inclined to the latter, owing to the distortion 
of the field. We therefore have: 


at, = .313 X 30,500 X 14 = 11,930 ampere-turns. 


The ampere-turns needed to overcome the armature reluct- 
ance are obtained from (43). In order to find the aver- 
age length, /,”, of path for the lines in the armature, the 
longest line, #’G', and the shortest line, TU, are drawn as 
indicated by dotted lines in Fig. 25. Theaverage length, 
VW, is then laid off midway between them. In Fig. 25 
the lines FG, TU, and VW are not continuous, because 
the armature shown to the left, being a toothed armature, 
has a smaller internal diameter than that on the right, 
which is a smooth armature. In the present case the 
right side of Fig. 25 is to be considered only; in speaking 
of lines FG, TW, and V W, therefore, the left half of the 
armature is supposed to be symmetrical to the right half, 
so that the dotted lines in the two halves meet at the 
center line. By measuring the continuous line VW so 

obtained, the average length of the path in the armature 
is found to be about 11 inches. The flux density in the 
armature core was:taken at 80,000 lines per square inch 
(see page 75); the specific magnetizing force for wrought 

iron having this density is H,” = 31 ampere-turns per 
inch, according to Fig. 27 or to Table 26. Consequently, 
the armature magnetizing force: 


at, = 31°x 11 = 340 ampere turns. 


The ampere-turns needled to overcome the field magne? 
reluctance are calculated by substituting in (43) the 
respective values of /,," and H,," for the magnet frame. 
The length of path, XH, Fig. 25, is found by meas- 
urement to be about 59 inches. The flux density B,,’ 
was fixed at 90,000 lines per square inch (see page 72), 
for which the specific magnetizing force, by Table 26, 
is H,,” = 51, the material of the cores and yoke being 
wrought iron. Hence, 


atn = 51 X 59 = 3,010 ampere-turns. 
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The compensating ampere-turns, since the average density 
in the wrought iron polepieces is less than 80,000 lines 
per square inch, are, according to formula (45), 


125 XK 240 — 225 
“ge X eg = 2,350 ampere-turns. 


It is here assumed that the machine under consideration 

is a generator of about 125 volts and 240 amperes output, 

the number of armature conductors being determined by 

transposing formula (21), page 41, thus: 

6 xX 10° X Mm X H_ 6 X 10° X 1 XK 125 _ 

xX n, ~ 5,000,000 xX 1200 — 

The pole space angle, in laying out Fig 25, was assumed 
to be 180° — 135° = 45°, half of which is taken as the 
angle of brush lead in the above formula. 

Summing up the above magnetizing forces, according to 
(3'7), we obtain: 


at, i330 


125. 


oe —- 


at, = 11,930 ampere-turns for air gaps; 

at, = 340 ms ** armature; 

Qi = “oa * ‘* magnet frame; 

ai; =. 2 a0 nS ‘* armature reaction. 
AT = 17,630, total ampere turns required. 


6%. Calculation of Ampere-Turns for Bipolar 
Toothed-Armature Dynamo.—tThe calculation in 
Par. 66 applies to a smooth armature; if a toothed core 
armature were adopted, the required magnetizing force 
would be less, as follows: 

The air gap is smaller in a toothed machine, being $ inch in 
the present case instead of 4 inch. The length of the 
path in air, therefore, is 4 inch for the toothed armature. 
The gap density, however, is greater if the armature flux 
remains the same, owing to the concentration of the lines 
by virtue of the teeth. Adding about 50 per cent. to the 
previous value of the gap density, we obtain B,” = 45,000 
lines per square inch. Hence, we find that the gap mag- 
netizing force for the toothed armature is: 


at, = .313 X 45,000 X 4 = 3,520 ampere-turns. 
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The cores are only 9 inches long instead of 133, hence, 
the path in the frame is 9 inches shorter, or /,,’’ = 50 
inches, and we have: 


Atm = 51 X 50 = 2,550 ampere-turns, 

The compensating ampere-turns are also less in the case of 
a toothed armature, since the angle of field distortion is 
smaller; taking a = 12°, we obtain: 

125 X 240 x 12° 

2 180 


The number of armature ampere-turns, however, is greater 
for a toothed than for a smooth armature, because the 
flux in the teeth is higher than that in the solid portion of 
the core. Assuming a tooth density of 120,000 lines per 
square inch, which is often employed, the specific magnet- 
izing force for the teeth would be 700 ampere-turns per 
inch (see Table 26), and if the slots are 1 inch deep the 
tooth ampere-turns would be: 

at,’ = 700 X 2 = 1,400 ampere-turns. 
For the remaining 9 inches of the path, the flux density is 
80,000 lines per square inch, as before, hence the magnet- 
izing force required for the solid portion of the armature 
core 


Gf, —-1,26 X = 1,250 ampere-turns. 


at,, = 31 X 9 = 280 ampere-turns. 


The total number of armature ampere-turns for the 
toothed armature, therefore, is: 


at, = 1,400 + 280 = 1,680 ampere-turns, 
instead of 340, as in the case of the smooth armature. 
The total magnetizing force required in case of the toothed 
armature, consequently, is: 
A T=3,520+2,550-+1250+-1,680=9,000 ampere-turns, 
as against 17,650 ampere-turns for the smooth-armature 
machine. 


68. Calculation of Ampere-Turns for Four-Pole 
Smooth-Armature Dynamo.—Referring to Fig. 
26, the mean lengths of the path for the smooth-armature 
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design are as follows: J," = 1.25 inches (the gap distance - 


~ of 2 x inch being increased by 25 per cent. to allow for 


distortion), J," = 6 inches, and l/,,” = 33 inches. The 
pole space angle in this case is 223°, one-half of which is 
about 11°. Therefore, the magnetizing forces required 
in the different parts of the circuit: ; 


at, = .313 xX 30,500 x 1.25 = 11,930 ampere-turns; 
C= BL KS = 190 ee 
tm = 51 X 33 = 1,680 “« 
is 1252x240 11° _ A 
at, = 1.25'X 1 iso 1,150 ; 
Total magnetizing force: AT = 14,950 “* 


In the formula for at,, the number of turns must here be 
multiplied by 2, because in a four-pole machine there are 
4 parallel armature circuits, hence in formula (21) the 
number of pairs of circuits has the value n, = 2. 


69. Calculation of Ampere-Turns for Four-Pole 


Toothed-Armature Dynamo.—For the toothed- 
armature design the lengths are /,” = + inch, 1,” = 74 
inches, and /,,” = 26 inches; and the angle of brush lead 
is about 6°; hence, we have: 


at, = .313 x 45,000 xX 4. = 3,520 ampere-turns; 
at,’ = 700 X2 =1,400 “ « 
tet x 31 x 54 ae. ENO re Ae 
at, = 651 X 26 = 1,330 “«  « 

2 250 X 240. 6 Pete 3 
at. = -1.26 X ETE CITA: 180 630 


Total magnetizing force: AT = 7,050 ampere-turns, 


Prinicd.in U.S.A, 


THE DESIGN OF DIRECT-CURRENT 
DYNAMOS AND MOTORS. 


CALCULATION OF MAGNET WINDING. 


70. Series, Shunt, Compound, and Differential Field 
Winding.—Having found the total number of ampere- 
turns required to cause the necessary flux through the 
magnet’ frame, the final calculation of the field winding 
consists in determining the proper number of turns and 
amperes which, when multiplied together, will produce 
the desired magnetizing force. The determination of the 
strength of the current passing through the field winding, 
and, consequently, the selection of the size of the field 

- wire, depends upon the method of field excitation em- 
ployed. 

There are four methods of winding the magnets of continu- 
ous-current machines, the series, shunt, compound, and 
differential winding, each of which has distinct advan- 
tages which make its use preferable for certain purposes. 

Series winding is used chiefly for constant-current arc- 
light generators and for street railway motors, but in the 
latter case, though the field winding as a whole is in 
series with the armature, the separate coils can be. 
variously connected in series or in parallel with each 
other, so as to vary their resistance and magnetizing 
effect. Series winding is sometimes adopted for motors 
applied to hoisting and other purposes where very 
variable speed is required. Series motors may also be 
used for driving fans, pumps, or other machines in which 
the load is fairly constant and is positively connected by 
direct coupling or gearing, so that the motor speed cannot 
become excessive, asit would tend todo if a belt slipped off. 


$2 
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41. 


Shunt winding is almost universally employed in motors 
for constant speed with variable load. Shunt-wound 
generators were formerly used for giving constant volt- 
age for electric light, power, and railway purposes, but at 
present compound-wound generators have largely taken 
their place, since the latter automatically maintain a con- 
stant, or even slightly rising, voltage with increase of 
load. 

Compound winding, besides being used for most genera- 
tors, is further applied to motors when a strong starting 
torque is required. 

Differential winding is applicable to generators that are 
required to produce a fairly constant voltage with wide 
variations in speed, as, for example, those driven by 
windmills, or by the axles of railway cars for electric 
train lighting. Differential winding is also employed in 
motors required to run with very constant speed at vary- 
ing load. 

In any given case there is generally little difficulty in decid- 
ing which of the four methods of field winding should be 
adopted, the custom being well defined regarding gene- 
rators and motors for each purpose. 


Determination of the Magnet Winding.—The 
method of winding being decided upon, the next step is 
to find the proper size of wire to employ for the field 
coils. It is obvious that a given number of ampere-turns 
may consist of a few turns carrying a large current, or of 
a great number of turns carrying a small current. 

Whether the former or latter arrangement is employed de- 
pends upon the method of field excitation of the dynamo, 
In a serves machine the total armature current traverses 
the field coils; hence the field winding consists of few 
turns of a conductor having a comparatively large cur- 
rent capacity. In a shunt dynamo, on the other hand, 
only a very small portion of the total current flows ~ 
through the field winding; the latter must, therefore, 
consist of many turns of fine wire. Compound and 
differential machines, finally, have a series winding as. 
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well as a shunt winding, assisting each other in the 
former, and opposing each other in the latter; the total ex- 
citation, therefore, is the swm of the series and shunt am- 
pere-turns in one case, and their difference in the other, 
The methods employed for determining the number of turns 
and the size of wire for the various kinds of field wind- 
ings are given in the following paragraphs 72 to 74. 


72. Calculation of Series Winding.—The field winding 
of a series machine being always fed by the total current 
generated or supplied, which has a definite value, the re- 
quired number of turns, 7’, is immediately found by divid- 
ing the ampere-turns, AT, by the given value, C, of the 
current; thus: 


- The size of wire must be sufficient to carry the given cur- 
rent C without overheating and without causing an undue 
loss of power in the magnets. This condition is usually 
fulfilled by providing a conductor area of from 1,000 to 
4,000 circular mils per ampere. Fcr series dynamos fur- 
nishing a constant current of 10 amperes, the usual cur- 
rent output of series arc-lighting machines, the size of the 
magnet wire has been found by experience to be between 
7s and 4 inch in diameter—that is, No. 10, No. 9, or No. 
& B. & S. gauge, depending upon the depth of the wind- 
ing and the temperature limit prescribed. For the usual 
range of temperature rise employed, which is from 20° to 
50° C., the specific cooling surface of the magnet coils 
should be from 4 to 14 square inches per watt, respec- 
tively, as follows: 


For a rise of 20° C. allow about 4 square inches per watt; 
“ce ce 666 (a4 95° 6é ee 6< 34 ce ¢é éé ee 


ce cc 6 a4 30° cc 6¢ (a4 3 ‘<é ce ce cc 
as ES" 66 ‘< 40° ce cé ‘< 9 ‘< é<é¢ ‘é ce 


66 €6€» 66 “é 50° ce “é ce 14 ‘eé ce ‘é t< 


43. Calculation of Shunt Winding.—In the determina- 
tion of the best size of wire for a shunt winding, the 
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quantities known are the ampere-turns required and the 
voltage by which the shunt winding is supplied—that is, 
the voltage of the machine. One of the simplest methods 
is based upon the fact that the resistance of one mil-foot 
of commercial copper—that is, the resistance of one foot 
of a copper wire, one mil, or one-thousandth of inch, in 


diameter—is almost exactly 1/2 ohms at 60° C., which is 


about 35° C. above the average machine-room tempera- 
ture. Hence, the resistance of any conductor of com- 
mercial copper at 60° C, is 

Rp- 2? 7 ah 
in which /’ is the length of the wire, in feet, and d’ its 
sectional area in circular mils. Or, since 12 xX l/l’ is the 
length of the wire in inches, we can write 


in which 7’ is the length of the wire expressed in inches. 
The current flowing in the above wire is, by Ohm’s Law, 
ti Seer ge oe 
OF gon aaa 


It is also evident that the ampere-turns in any shunt 


winding are numerically equal to the amperes that 
would result if a single turn of the magnet wire were 
supposed to be subjected to the given voltage, because 
two turns would have twice the resistance and take one- 
half the current; three turns would have three times the 
resistance and therefore take one-third the current; and 
so on for any number of turns. Since thecurrent flowing 
in ashunt circuit is the terminal EK. M. F. divided by the 
shunt resistance, we have therefore: | 


Voltage 
Resistance of One Turn’ 
Expressing the resistance according to formula (4'7), 
this becomes: 


Armpere-turns = 


Voltage x Circular Mils 
Length of One Turn in inches’ 


Ampere-turns = 
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or in symbols: 


where # = terminal voltage of machine; 
d,, = the diameter of the magnet wire, in mils; 
and 1,” = mean length of one turn, in inches. 
By transposition of (48) we obtain the cross-section of 
the magnet wire required: 


in which AT = total magnetizing force required, in am- 
pere-turns; 
l,” = average length of one turn of wire in 
magnets, in inches; 
EK’ = voltage between terminals of shunt 
winding. | 7 
In applying the above formula to a shunt winding for a 
generator, allowance must be made for the resistance of 
the rheostat, which is put in the shunt circuit to regulate 
the E. M. F. This resistance will consume a portion of 
the voltage amounting to from 10 to 20 percent. There- 
fore, the voltage H’ substituted in the formula should be 
10 to 20 per cent. lower than the E. M. F. of the machine. 
For a multipolar machine, H' in the above formula is the 
voltage corresponding to one set of coils. Thus, if all 
the coils are connected 7n serves, and if there are two 
coils in each magnetic circuit, the value of H’ in a four- 
pole machine is one-half the machine-voltage (dimin- 
ished by 10 or 20 per cent. in case of a generator); in a 
six-pole machine, EH’ is one-third; in an eight-pole 
dynamo, one-fourth of the terminal voltage, etc. In 
the case that the field coils are connected an groups 
across the machine terminals, the proper value of i" is 
found by multiplying the number of coils constituting 
one magnetic circuit by the number of parallel groups, 
and dividing the product so obtained by the total number 
of coils on the machine; the result is the factor by which 
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the terminal voltage of the machine must be multiplied. 

For example, if the shunt winding of a 12-pole ring type 

125-volt generator is connected in 4 groups of 3 mag- 

2x 4 
12 . 

E'=% (125—124)=75 volts. Ifin the same machineall the 

magnets were connected in parallel, that is to say, if the 

22032 & 9 
Cae 
and the shunt voltage per magnetic circuit would be 
HE’ = 2 X 1124 = 225 volts. 

The size of wire obtained by formula (48) will furnish the 
required number of ampere-turns irrespective of the 
number of turns employed. If a small number of turns 
is chosen, the current will be high; and if a large number 
of turns is used, the current will besmall. If the current 
is too high, the wire will become overheated and may 
eventually burn out. If the shunt current is taken too 
small, the magnet winding will become too bulky and the 
cost of the machine uunecessarily great in consequence. 
It is therefore seen that it is very important to determine 
the proper strength of the shunt current in each case. 

Designating the watts consumed in the magnet winding by - 
Wm», the shunt current can be expressed as 


nets each, the above factor will be = 4%, hence 


number of groups were 12, we would have 


Since in this equation H’ is known, being the ter.ninal . 
voltage of the machine diminished by 10 to 20 per cens. to 
allow for the drop due to the regulating resistance,, the 
problem remains to find the proper value of w,. The 
power which can be dissipated in the field winding 
depends upon the cooling surface of the magnets and 
upon the temperature rise permitted. If the cooling sur- 
face of the magnet coils is denoted by Sy, and the allow- 
able temperature increase by ¢t, in Centigrade degrees, 
the power dissipated in the magnet winding is given by 


We = 2 X Bais eess4' sin: oe o> (ADE 
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the average temperature increase with a power dissipa- 
tion of 1 watt per square inch of exposed coil surface 
being about 75° C. . 

Inserting the value of w,, given by (50) into the above 
equation for Cs, the following formula for the shunt 
current is obtained: 


in which ¢ = prescribed temperature increase of magnets, 
in degrees C., being usually limited to 5v°; 


Sy = cooling surface of magnets, in square inches. 


The values of /, and Sy, in formulas (49) and (51) respec- 
tively, depend upon the height of the magnet winding, 
which at this stage of the calculation is not yet known. ' 
We must, therefore, temporarily make an:assumption of 
its magnitude. For this purpose the average practical | 
height of the winding on magnets of different sizes is given 
in Table 2%, page 98. The winding height of a cylindrz- 
cal magnet is obtained by taking the figure given under the 

heading of ‘‘ Circular Cores” for the nearest diameter 
given in the first column. In case of a rectangular or 
oval magnet, the figure corresponding to the nearest cross- 
section given in the secondcolumn istaken. Thus, to find 
the height of the winding space of a rectangular magnet, 
4 by 6 inches, the nearest area given in the second column 
is 28.3 square inches; hence, the required winding height — 
is 2 inches in case of a bipolar machine, and 2? inches in | 
- case of a multipolar machine. | | | 

The two columns added at the right give the ratios of the 
length of the mean turn to that of the diameter, and, of ' 
course, only apply to circular magnets. These ratios are: 
tabulated in preference to the actual lengths of the 
average turn, in order to enable the ready application of 
the table to diameters intermediate to those given. The 
approximate length of the mean turn for a cylindrical 
magnet of any diameter between 1 and 36 inches can be 
directly taken from the table by multiplying the diameter 
of the core under consideration by the ratio given for the 
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nearest diameter in the respective one of the two last. 
columns. For instance, if the diameter of the core is 62 
inches, the ratios for the 6-inch core are taken and the 
mean turn is found: 


Ll,” = 68 X 3.93 = 26 inches, 
if the machine is of a bipolar type; and 

lL,” = 68 X 4.382 = 28.6 inches, 
in case of a multipolar type. 


TABLE 27. 


HEIGHT OF WINDING SPACE FOR DYNAMO MAGNETS. 


Height of Winding Space, inches. Ratio of Mean Turn to 
Size of Magnet Core. Diameter of 
Circular Cores. patel | ol 2 ising Circular Cores, 
Diameter, dention B:polar. |Multipolar.| Bipol Iti Bipol Multi 
inches: 7 ion : s : polar. |Multipolar. ipolar. ultipolar. } 
1 .8 4 2 ant ae 4.71 5.50 
2 3.1 3 14 1 Ss 4.32 | 5.11 
3 "fee Mae 13 14 Q 4.19 | 4.97 
4 12.6 14 2 14 24 4.12 4,71 
6 28.3 14 24 2 23 3.93 4.32 
8 50.3 12 24 24 3 3.83 4.12 
10 78.5 1g 23 23 3} 3.73 4.01 
12 113.1 2 3 3 34 3.66 3.93 
15 176.7 24 34 34 ‘BF 3.59 3.82 
18 254.5 24 34 34 4 3.54 3.75 
R21 346 28 32 3¢ 44 3.50 5.70 
24 452 24 4 4 ae, 3.47 3.67 
27 =| 573 28 44 44 54 3.45 3.64 
NBO UL IOT 23 44 44 6 3 43 3.62 
- 83 | 855 Qh 43 5 64 3.41 | 3.60 
36 |1018 3 5 54 v4 3.40 | 3.58 


74. Calculation of Compound Winding.—In a com- 
pound dynamo the series winding supplies the excitation 
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necessary to produce a potential equal to that lost by 
armature and series field resistance and by armature re- 
action. Therefore, the number of shunt ampere-turns 
for a compound wound machine is the magnetizing force 
needed on open circuit, and the number of series am- 
pere-turns required to maintain constant voltage is the 
difference between the excitation needed for normal 
load and that on open circuit. The proper number of 
shunt and series ampere-turns is computed as follows: 

The flux, %,, required on open circuit is that number of 
lines of force which will produce the no-load or terminal 
E. M. F., E., of the dynamo, or, by formula (21), page 
Al: 


@ _ 6 X 10° X m X Ho, 
, N X Nn, : 


hence, the number of shunt ampere-turns needed to over- 
come, on open circuit, the reluctances of air gaps, arma- 
ture core, and magnet frame, is: 


eT ge il es aE OO an. (52) 


in which the magnetizing forces of the various portions of 
the magnetic circuit are computed with reference to the 
flux densities corresponding to the above no-load flux &,. 
The compensating ampere-turns are missing from this 
formula, because there is no armature reaction on open 
circuit, as no current flows in the armature. 

The armature flux at normal load is: 


@—-& XI xm x # 
NX, : 


where JF is the total E. M. F. of the dynamo at normal 
load. 

The total ampere-turns needed for excitation at normal 
load, therefore, are obtained by computing AZ’ from 
formula (37), page 79, using the flux densities corre- 
sponding to the normal flux ®. Since AT is supplied by 
the combined effect of the shunt and series winding, the 
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difference between AT and AT, must be the number of — 
series-ampere turns required, or 


AT, = AT. AG oe eee 
The total E. M. F. of an ordinary compound dynamo is: 
Ei By + EB CS ha Sa (54) 


where C is the current output and 7, the armature re- 
sistance of the machine, it being here assumed as an ap- 
proximation that the series field resistance is $ of the 
armature resistance, which is an ample allowance. 

In case the machine is to be over-compounded for loss in 
the line, the percentage of drop—usually 5 per cent.—is 
to be included into the output E. M. F.; hence the total 
HK. M. F. generated at normal load, for 5 per cent. over- 
compounding, is 


HE = 1:05 x H, +125 % O Xs. AB 


After having determined the number of shunt and series 
ampere-turns giving the desired regulation, the calcula- 
tion of the compound winding merely consists in the re- 
spective application of the methods given in Pars. 72 
and 73. 

The number of turns in the series field coils is A 7’ divided 
by the normal current of the machine, which is known. 
The large conductors needed for the series coils of com- 
pound dynamos should have a cross-section of 1,000 to 
1,500 circular mils per ampere. 

In calculating the number of shunt turns, the total allow- 
able power dissipation, w,. in the magnets must be 
diminished by the power dissipated in the series winding, 
which can be easily computed by multiplying the square 
of the current by the series field resist-ace. If the shunt 
dissipation so remaining is found too small to obtain a 
practical number of shunt turns, the size of the series 
wire must be increased in ord:sr to reduce the series re- 
sistance and thus to allow more power vince, ea for the 
shunt winding. 
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75. 


76. 


In the calculation of a differential winding, the proceeding 


is practically the same as in a compound winding. The 
only difference between the two is that in a differential 
winding, since the series coils are wound 7n opposition to 
the shunt coils, ATJ, is greater than AT, hence AT,, 
becomes negative. 


The calculation of magnet windings by means of fortnulas 


(37) to (55), respectively, is best understood by apply- 
ing them to specific cases. 


Data for Magnet Winding.—Table 28, page 102, gives 


the areas, the usual diameter, the number of turns per inch, 
and the weight and resistance of insulated magnet wire. 
Magnet wires, except the large sizes down to No. 3, are 
usually insulated by a single cotton covering (S. C.C.), 
the large sizes being double cotton covered. This table is 
intended to be employed in calculating magnet windings, 
and its use will be seen from the following paragraphs. 


Determination of Series Field Winding for 


Bipolar Smooth-Armature Machine.—To show 
the application of the method given in Par. 72, let us as- 
sume that the machine represented in Fig. 25 is a 35 H. P. 
series motor to besupplied with 500 volts and 65 amperes. 
The ampere-turns required for compensating armature 
reaction, though in this case not exactly the same as de- 
termined in Pars. 66 and 6%, are approximately correct, 
because the number of turns for 500 volts must be in- 
creased in about the same proportion as the current 
strength in them is reduced. In taking the total number 
of ampere-turns as obtained above, no serious error is 
therefore committed. 


The number of turns is obtained by dividing the total num- 


ber of ampere-turns by the current, which is 65 amperes. 
In case of the smooth-armature design, A7'’ was found 
17,630 ampere-turns; therefore, by (46), 

17630 


T= —— = 272 turns. 
65 
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TABLE 28. 
DATA OF BARE AND INSULATED MAGNET WIRE. 


2 3 A 5 6 vs 8 
Diam. A Numb Lbs. Lbs. 
Size, snetaee Gir. Mils, ae oe of turns per toot, per foot, Jor fast 
ab) Bere | Bae | lc. feeranem | meee | Se | dome 
1 .289 83,521 8091] 3.231] .2583 .259 ! - 900124 
2 .258 66,564 2781} 3.591] .2009 .206 ! .000156 
3 . 229 52,441 :2491] 4.011] .1593 .168! .000197 
4 . 204 41,616 .216 4.63 . 1264 1292 - 000248 
5 .182 33,124 .194 5.16 . 1002 .1023 .0003813 
6 . 162 26,244 .172 5.82 .0795 .0812 .000394 
7 1443 | 29,822 .154 6.5 . 0630 .0645 .000497 
8 .1285 | 16,512 .139 7.2 .0500 .0512 .000627 
9 .1144 | 13.087 124 8.1 . 0396 0406 .000791 
10 -10190 | 10,384 .112 8.9 .0314 . 0323 - 000992 
11 09074 | 8,284 .101 9.9 .0249 .0257 -00126 
12 .O8081 6,530 .088 | 11.4 .0198 0208 .00159 
13 07196 | 5,178 O79 | 12.7 .0157 .0161 .00200 
14 .06408 | 4,106 O71 14.1 .0124 .0128 .00252 
15 .05707 | 8,257 .064 | 15.6 .0099 01038 .00318 
16 | .05082 | 2,583 | .058 | 17.3 .0078 0081 .00401 
17 -04526 | 2,048 .050 | 20.0 .0062 .0064 .00506 
18 .04030 | 1,624 045 | 22.2 .0049 .0051 .00638 
19 .03589 | 1,288 041 24.4 . 00389 0041 .0U804 
20 .08196 | 1,021 .037 | 27.0 .0031 003825 .01014 
21 .02846 810 .033 | 30.8 .00245 00260 .01275 
22 . 025385 643 030 | 33.3 .00195 00209 .01608 
23 .02257 509 .028 | 85.7 .00154 00164 .020380 
24 -02010 404 .025 | 40.0 .00122 00133 . 02560 
25 -01790 820 023 | 48.5 .00097 00106 -03225 
6 -01594 254 021 | 47.7 -00077 00085 .04075 
27 .01420 202 019 | 52.6 -00061 00068 -05185 
28 . 01264 160 017 | 58.8 .000484 | .00054 .0648 
29 .01126 127 015 | 66.7 .000384 | .00043 .0818 
80 .01003 101 014 | 71.4 .000804 | .00084 -1030 


» Double Cotton Covered. 


Allowing 1,250 circular mils per ampere, the cross-section 
of the wire is found: 


t "4,250 x 65 81,250 circular mils, 
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which is slightly less than the sectional area of No. 1 
B. & S. wire. As this size of wire would ordinarily be 
rather clumsy to handle, itis better to use several smaller 
conductors in parallel. For example, we find in Table 
28, page 102, that three No. 6 wires have.a combined 
sectional area of 3 X 23,244 = 78,732 circular mils, which 
is slightly smaller than found above and gives about 
1,210 circular mils per ampere. No. 6 §.C.C. wire has a 
diameter of .172 inch. 

Since the magnet core for the smooth-armature machine is 
13$ inches long, the actual length of the winding space 
will be about 124 inches, when allowing for end discs and 
insulation of the spool ends. The number of turns per 

~ layer is therefore 12} + .172 = 72, and, since for three 
wires in parallel the total number of turns is 3 X 272 = 
816, or 408 on each core, there must be 408 + 72 = 6 
layers of No. 6 wire in each coil. The height of winding 
will therefore be 6 X .172 = 14 inches, allowing for core 
insulation. 

The diameter of the core being 10 inches, the average length 
of one turn is: 


L,” = (10 + 14) X wz = 39 inches, or 2.92 feet. 


There are 408 + 3 = 136 turns of each wire on each core- 
the length of each No. 6 wire per core, therefore, is 136 X 
2.92 = 397 feet, and its resistance at 20° C., from Table 
28, is 397 X .000394 = .156 ohm. Since there are three 
of these wires in parallel and two coils in series, the com- 
bined resistance of the two magnets at 20° C. is 
(.156 + 3) xX 2 = .104 ohm. 

The working temperature may be taken as 60° C., that is, 
25° C. plus the average rise of 35° C., and since the 
increase in resistance is about .4 per cent. for each rise of 
one degree C., the resistance will become 35 X .4 = 14 
per cent. greater, that is, 


104 X 1.14 = .12 ohm. 
The current being 65 amperes, the drop in the field winding 


104 DIRECT-CURRENT DYNAMOS AND MOTORS. 


is 65 X .12 = 7.8 volts, which is 7.8 + 500 = .0156, or 
1.56 per cent. of the voltage supplied, being a moderate 
amount. 

The power loss in the series field coils is 


65? X .12 = 507 watts, 
The cylindrical surface of each coil is: 
(10 + 2 x 14) X zw X 124 = 480 square inches, 


It is proper, also, to consider the ends of the coils as part 
of the cooling surface, each of them being 


114 X wz X 14 = 39 square inches. 


This makes a total surface of 480 + 78 = 658 square 
inches for one coil, or 7,316 square inches for both. The 
specific cooling surface of the field winding is, therefore: 


1,316 + 507 = 2.6 square inches per watt, 


which is within the practical limits. If the number of 
square inches per watt is found below 14, the coil should 
be wound with the next larger size wire, which would 
decrease the power loss and increase the cooling surface, 
thereby augmenting the number of square inches per 
watt. 


%'%. Determination of Series Winding for Bipolar 
Toothed-Armature Machine.—The series winding 
for the toothed-armature core machine will be as follows: 
For the toothed-armature machine AT’ = 9,000 ampere- 
turns, hence the number of turns: 


9.000 
690 
The cores being 9 inches long, the available space for the 
winding will be about 8}inches. Since the diameter of 
No. 6 magnet wire is .172 inch, each core can therefore 
be wound with 8} + .172 = 48 turns of No.6 wire. 
Taking again 3 strands of No. 6 wire, asin Par. '76, the 
number of turns per core is (140 X 3) + 2 = 210, making 


T= = 140. 
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the number of layers 210 + 48 = 5. The corresponding 
winding depth is 5 X .172 = 1 inch, allowance being 
made for core insulation ; and the mean turn, since the 
core diameter in this case is 10 inches, will be 


1,” = (10 + 1) X x = 34.56 inches, or 2.85 feet. 
The total resistance of the two series coils, since there are 
3 times 70 turns of No. 6 wire in parallel in each core, is: 
2X 70 X 2.85 X .000394 
vse = 
3 

or .0368 X 1.16 = .061 ohm at 60° C. 

The power loss in the magnet coils, therefore, is 

65° X .061 = 258 watts, 


while the cooling surface is : 
Su = (10 + 2) X z X 8§ + 2 X 34.56 X 1 = 380 square 
inches per coil, or ‘760 square inches total. 
This makes the specific cooling surface 


= .0524 ohm at 20° C., 


760 + 258 = 2.95 square inches per watt, 


which, according to Par. '%2, corresponds to a tempera- 
rise of 30° C. 


78. Determination of Shunt Winding for Bipolar 
Smooth-Armature Motor.—Let the given motor be 
the same as considered in Par. 76. For a shunt wind- 
ing, the required size of wire is obtained from formula 
(49), in which, for the case of a motor, H’ is usually the 
total supply voltage, a field rheostat being seldom em- 
ployed with the ordinary motor. Substituting in (49) 
the value AT = 17,630 ampere-turns (as determined in 
Par. 66), EZ’ = 500 volts, and 7," = 10 X 3.73 = 37.3 
inches (from Table 2'7), we obtain: 

9.2 — 17,630 X 37.3 

500 

The nearest size wire, according to Table 28, is No. 19 

B. & §., which has a diameter of .041 when insulated for 

use as magnet wire. 


= 1,310 circular mils. 


106 DIRECT-CURRENT DYNAMOS AND MOTORS. 


The approximate winding depth for a bipolar 10-inch coreis 
found in Table 2'7 to be 14 inches; the length of the coil 
space on each core is 124 inches; hence, the total cooling 
surface of the two coils: 


Sy = (10 + 2 x 14) X w~xX 124 K 24+ 37.3 x 14x 4 
= 1,360 square inches. 


For a rise of 30° C., which we will assume to be pre- 
scribed in this case, we find by (51): 


C., — 30 x 1,360 
oh ae SB OO 


Dividing this into the number of cg Sgehaiia the re- 

quired number of turns is obtained: 

T= 17,630 
1.09 


The number of wires that can be placed in one layer is 
124 + .041 = 300; hence, the number of layers needed is 
8,100 + 300 = 27. The actual height occupied by these 
27 layers will be 


27 xX .041 = 1.1 inches, 


making a winding depth of about 1} inches, which is 
considerably less than the height assumed above by the 
aid of Table 2%. Since for this height the cooling sur- 
face would be appreciably smaller than obtained above, 
the shunt current would have to be correspondingly 
smaller, which in turn would increase the number of 
turns, making the winding depth larger. Taking, there- 
fore, a value between the two, or, say, 14 inches, the 
cooling surface becomes: 
Sy = (10 +2 x 14) mw xX 128 x24+11¢x7xl1ex4 
= 1,287 square inches, 
and we have: 


= 1,09 amperes. 


= 16,200 turns, total, or 8,100 turns per core, 


_ 30 X 1,237 _ 
Shunt current: Can = Bsc B00 = .99 ampere; 
Number of turns: 77 = hale S 17,800; 


.99 
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Number of layers: ——— = 


The height occupied by these 30 layers is 
30 x .041 = 1.24 inches, 


which gives a winding depth of about 14 inches, as taken 


above. 
There being 30 layers of 300 turns each, or 9,000 turns in 
all, in each coil, the total length of wire in both coils is: 


11} X. z 
12 
hence, the shunt resistance at 20° C., according to Table 

28: 


2 X 9,000 x = 54,200 feet; 


rsh = 54,200 x .00804 = 436 ohms, 


which at 55° C. (25° + 30°) amounts to 
ren’ = 486 X 1.14 = 498 ohms. 


The actual shunt current is, therefore: 


500 
Cen = 798 


which multiplied by the number of turns gives the actual 
excitation: 
AT = 2 X 9,000 X 1 = 18,000 ampere-turns. 


This is about 2 per cent. in excess of the magnetizing 


force needed. 
The total weight of the insulated wire in both coils is, by 


Table 28 : 
Wty = 54,200 X .0041 = 222 pounds, 
or 111 pounds on each magnet. 


= 1 ampere, 


Though not excessive, this is a somewhat greater weight of 
wire than would ordinarily be used on a machine of this 
kind. This is due to the fact that the length of the arma- 
ture is rather small for a bipolar machine, but was so 
chosen in order to adopt the same armature for the 4-pole 
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design as well. By increasing the length of the arma- 
ture, the same length of conductor will occupy less height, 
thereby reducing the gap space and correspondingly 
diminishing the number of ampere-turns required. 


479. Determination of Shunt Winding for Four-Pole 


Toothed-Armature Generator.—Inserting into 
(49) the value of the ampere-turns found in Par. 69 for 
the machine shown in Fig. 26, which in this case we will 
assume to be a 125-volt generator, we obtain 


dy? = Steir “35) = 4,030 circular mils. 
Herein 28.6 is the approximate mean length of one turn 
on a 68-inch core for a multipolar machine, found from 
Table 2%, as shown on page 98. The factor 4 in the 
denominator indicates that in the present case the four 
magnets are to be connected in series (see Par. 73). 
The deduction of 25 volts represents an allowance of 20 


per cent. for regulating resistance. 


The above value of d,," is almost exactly the area of No. 


14 B. &S. wire having a diameter of .071 ee when 
insulated (see Table 28). 


Using the value 2}” given in Table 2% for the average 


winding depth of a 6-inch multipolar magnet, and taking 
3+ inches as the available length of each winding space, 
the cooling surface is found: 
Sin = (68 + 2 x 2h) X w xX BE X 24 28.6 x WAX 
= 855 square inches. 

In this case. only one end surface of each coil is consid- 
ered as cooling surface, because in a multipolar frame the 
polepieces cover up theinner ends. For a rise of 30° C.,. 
the shunt current is therefore obtained by (51), thus: 


30 X 355 
Yn = ee = BB. 
Csn 75 CBO 4 amperes, 
giving a specific cooling surface of 
eee 2.5 square inches per watt. 


50 X 2.84 
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The number of turns required with the above shunt cur- 
rent is: 


7,05 


i = 2,480, or 1,240 turns per core. 


T= 


The total number of ampere-turns as found from formu- 
las (37), (42), (43), and (45) must in a multipolar 
ring machine be supplied to each two cores, as the 
various pairs of cores form a number of parallel magnetic 
circuits. In order to obtain a total number of AT 
ampere-turns, each of these parallel circuits must there- 
fore be wound with AT ampere-turns. 
Since the number of turns per layer is 


34 + 071 = 44, 
there must be 
1,240 + 45 = 28 layers, 
making a winding depth of 
28 X .071 = 2 inches, 


not including the core-insulation, or about 24 inches total. 
The resistance of the four magnet coils in series is: 


Pera 45. x 99 y (OF +78) x7 x .00252 
= 29 ohms at 20° C., 


or . 29 X 1.14 = $3 ohms at 55° C. 


The actual shunt current required to produce the desired 
number of ampere-turns is: 


eet 2 iene 
Csn ae ee 2.8 amperes; 
hence, the total resistance of the shunt circuit: 
125 
387 44.7% ohms, 


which makes the resistance of the regulating rheostat 
44.7 — 33 = 11.7 ohms. 


ns eee iy RY, 3 
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The weight of the magnet winding is: 


Wlm = 45 X 28 x a x .0128 = 37 Ibs. per core, 
or 37 <X 4 = 148 pounds, total. 


80. Determination of Compound Winding for Four- 
Pole Toothed-Armature Generator.—The ma- 
chine considered in the preceding paragraph is to be 
compound wound for 5 per cent. over compounding; 
the temperature increase to be 35° C. The four series 
coils are to be connected in parallel, and the four shunt 
coils in two groups of two coils each, 

We must first determine the respective numbers of shunt 
and series ampere turns. We assume the number of 
armature turns to be 250, and 125 to be the voltage on open 
circuit. Proceeding as indicated in Par. %4, we then 
obtain the flux required on open circuit: 


6K IO" SOR eS. 
Eo be 250 X 1,200 
which is the number, upon which the calculations in the — 
previous paragraphs are based. The flux densities on 
open circuit are, therefore, the same as in Par. 69, and 
in this case we have: 
For air-gaps: B,” = 45,000; i," =.313 X 45,000 

“ armatureteeth: B,’ = 120,000; H,! = 700 


° 


‘*< armaturecore: B,” = 80,000; H,” = 31 


° 


‘* magnet frame: B,," = 90,000; H,,” = 51. 


© = 5,000,000 lines, 


Hence, the excitation on open circuit, or the shunt 


excttation: 

at, = .313 xX 45,000 x 4 = 3,520 ampere-turns; 
at, = 00x 2 = 1,400 “ 

at,’ = 31X5 = 12 « 

at, = 51X26 = 1,330 ce 


Total: AT= 6,420 “ 
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The total EK. M. F. at normal load, according to formula 
(55), if we assume the armature resistance to be .0125 
ohm, is: 

EH = 1.05 X 125 + 1.25 X 240 X .0125 = 135 volts. 
Inserting this value instead of the no-load voltage into 


(21), the flux required for excitation at normal load is 
found: 


® = 5,000,000 x +5? = 5,4.00,000 lines. 
The flux densities and specific magnetizing forces for 
_ normal load, consequently, are: 


135 


B," = 45,000 x [== 48,600; H,” = .313 x 48,600; 
135 
B, = 120,000 x 75~ = 130,000; Hy’ = 1,100; 
E 135 ; ; 
B,’ = 80,000 x 55. = 86,400; HH,” = 43; 


B,."= 90,000 x = = 97,200; H,," = 78; 


and the magnetizing forces at normal load are obtained 
as follows: 


at, = .313 xX 48,600 X 4= 3,800 ampere-turns. 

at, = 1100x2 = 2,200 “ 

Gia 43 x 5 = ' 240 oe 

At, = 78 X 26 = 2,030 ¢< 

at, (from Par. 69) = 630 * 
Total: AT = 8,900 ee 


As shown in Par. 74, the series winding must supply the 
difference between the ampere-turns on normal load and 
on open circuit, or, by (53): 

ATs. = 8,900 — 6,420 = 2,480 ampere-turns. 


The series winding is, therefore, calculated .as’ follows: 
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The four series coils being connected in parallel, the 
current in each coil is 
240 + 4 = 60 amperes, 
while the magnetizing force per magnet is 
2,430 + 2 = 1,240 ampere-turns; 
hence, the number of series turns per coil: 


1240 
fie — 60 ~ — 21. 


The size of the series field conductor is: 


d,,” = 60 X 1,000 = 60,000 circular mils, 
or 3 No. 7% wires. 


The series winding is usually wound upon the core first. 
Assuming it to occupy a height of 4 inch, the mean length 
of one turn is: 

1,” = (68 + 4) X a = 22.4 inches, or 1.87 feet. 
There being on each magnet 3 coils in parallel, each hav- 
ing 21 turns, the joint series resistance (four magnets in ~ 
parallel) is therefore found: 


ee RL X 1.87 X 10497 
date 3x 4 
or .00163 X 1.12 = .00183 ohm at 50°C. 
Hence, the total power loss in the series winding: 
240° > .00183 = 105 watts. 


Since the diameter of No. 7 wire is .154 inch, each layer 
will hold 


= .00168 ohm at 20° C., 


(4 — 4) + .154 = 21 turns, 
and there will be 
(21 X 3) + 21 = $ layers, 
occupying a height of 
pee 3X .154 = } inch. 
This, ‘according to Table 2%, leaves a winding depth of 


~. 
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about 12 inches for the shunt coil which is wound over the 
series coil. The total weight of the series winding is: 


Ws. = 21 X 3 X 4 X 1.87 X .0645 = 30.5 pounds. 
The size of the shunt wire is: 


6.420 XK 28 6 


en 
== 125 — 15 


=1,67O circular mils, or No. 18 wire. 


In Par. 79, the total cooling surface of two magnets of 
this machine is found 355 square inches; the power loss in 
the series winding is 4 X 105 = 52 watts per magnetic 
circuit ; hence, the shunt current : | 


« , 3 5 a, 
h= 5 X aa, es 1.04 amperes. 


Number of shunt turns: 


C; 


a — = 6,1'70 per circuit, or 3,085 turns 
per core, , 


The diameter of No. 18 wire is .045 inch; hence, there are 
34 + .045 = 77 turns 


in each layer, and the number of layers becomes - 
3,085 + 77 = 40, 
_ for which the winding depth is 
40 X .045 = 2 inches. 

The mean length of the shunt turn, therefore, is: 

1.” = (6 +2 x 4+ 2) Xx = 30.24 inches, or 2.54 feet. 
Resistance of shunt winding: aie 

Tan = 77 X 40 X 2.54 X .00638 = 50 ohms, at 20° C., 
or ran’ = 50 X 1.12 = 56 ohms, at 50° C. 
Actual shunt current: 


erin: sae 
ee a a ae ae 


= 1.04 amperes, '' 


ars 


Can 
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_ Total resistance of shunt circuit: 


gain 
T= a ae 60 ohms. 


Resistance of field regulator: 
60 — 56 == 4 ohms. 
Weight of shunt winding: 
wt, = 4X 77 X 40 X 2.54 X .0051 = 159.5 lbs, 
Total wei ght of winding: 


Wm = 1594 + 304 = 190 lbs. 


CALCULATION OF EFFICIENCIES. 


8i. Electrical Efficiency.—The electrical efficiency, or, as 


it is sometimes called, the economic coefficient of a dy- 
namo, is the ratio of its useful power to the total electrical 
power in its armature. The total electrical power is the 
sum of the useful power and of the power losses due to 
the armature and field resistances; hence the electrical 
efficiency of a generator: 


We Ww (56) 


El. Ef. = yn = paaopae 


and that of a motor: 


_ WwW _ W— (wa + Wn) 
El. Eff. = y= W sorts keies (57) 
where W = electrical power at terminals of machine; 
W’ = electrical power active in armature; 
W, = power absorbed by armature winding; 
Wm = power used for field excitation. 


In the case of a generator, W is the output available at. 


the brushes, while in a motor it is the total power deliv- 
ered to the terminals, that is, the intake of the motor. 


DIRECT-CURRENT DYNAMOS AND MOTORS. 115 


82. Formulas for Electrical Efficiency.—Inserting 
into (56) and (57) the expressions for W, w,, and w,, in 
terms of E. M. F., current strength, and resistance, the 


following formulas for the electrical efficiency are ob- 
tained: 


Series-wound generator: 


: ie EC é 
Mh, £F. = HOR C L ry ete (58) 
Shunt-wound generator: 
ry EC : 
El. Eff. = EO + Or. + Ontraritt (59) 
Compound-wound generator: 
eat EC 
El. Eff. = EO + Cir. +1.) + Canta”? (60) 
Series-wound motcr: 
ae J C ee Cc (1, - Os 
EA. EF. = EO sy Fea et sas (61) 
Shunt wound motor: 
Tg P aes coke Bs Sle ee (62) 


Compound-wound motor: 
EC —[C. (ra) + Tee!) + Ca’ra”] 
RG ..- (63) 


The symbols used in the above formulas (58) to (63) 
represent EK. M. F., current strengths, and resistances, as 


El. Eff. = 


follows: 

E = terminal voltage of generator, or supply voltage 
of motor; 

C = current output of generator at brushes, or current 


intake of motor at brushes; 
Ca = current flowing in shunt circuit; 
C, = armature current; for a generator, C, = C+ Ca; 
for a motor, C, = C — Ca; 
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= armature resistance, warm; 

Ys. = series field resistance, warm; 
rn" = resistance of shunt circuit, including field regu- 

lator. - 

The electrical efficiency of modern dynamos is very high, 
ranging from .8, or 80 per cent., for small machines, to 
as high as .995, or 994 per cent., for very large gene- 
rators. Since the electrical efficiency does not include 
waste by hysteresis, eddy currents, and friction, but is 
dependent upon the power losses due to heating by 
the current only, it may be adjusted to any desired value 
by properly proportioning the resistances of the machine. 


853. Examples of Calculating Electrical Efficiency. 
—The following examples show the application of formu- 


las (58) to (63): 


(1) What 7s the electrical efficiency of a series-wound 
generator, producing 2,500 volts and 10 amperes, 
af its warm armature resistance 1s 9 ohms and its 
magnet resistance is 11 ohms? 


Solution.—By formula (58) we have in this case: 
2500 X 10 25,000 


BN ED = a500 X10) + [10 X (+ 11)] ~ 25,000 + 2000 
ROS. ge 
= ne 925, or 9242. 


(2) Find the electrical efficiency of a shunt-wound 3 K. W. 
125-volt generator, knowing tts armature resist- 
ance (warm) to be .32 ohm, and tts shunt resistance, 
including field regulator, 125 ohms. 

3000 

Leb 

= 24 amperes, and the shunt current is found, by Ohm’s 

Law, a = lampere. Hence the total current flowing 

in the armature, being the sum of current output and 

shunt current, is 24 + 1 = 25 amperes. By (59) we 
therefore obtain: Priteecert 


Solution.—The current output of this machine is 
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abs 3000 e 3000 

Neg ia 3000 +(25° X.32)-+ (1 X125) 3000+ 200-+125 
_ 3000 
= 3905 = .902, or 90.22. 


(3) A compound-wound 50 K. W. generator gives a ter- 
minal FE. M. F. of 500 volts. Its armature resist- 
ance (warm) is .12 ohm; its series field resistance is 
-04 ohm; and its shunt resistance is 2'%O0 ohms. 
Compute its electrical efficvency. 


50,000 
500 


Solution.—The current output is = 100 amperes; 


the shunt current is ees = 1.85amperes. Hence by (60): 


270 
50,000 
Hl, Eff. = 50,000 + [101.85* x (.12 + .04)] + (1.85? x 270) 
50,000 __ 50,000 000 


= 50,000 + 1660 | 925 ~ 52,585 "907 95%. 


(4) Find the electrical efficiency of a series motor which 
takes a current of 100 amperes when supplied at 
220 volts, if its armature has a resistance of .11 
ohm, and tts field a resistance of .015 ohm. 


Solution.—By (61): 

(220 x 100) —[100?x( 11+.015)] __ 22,000—1250 
; 220 X 100 St 22,000 

a 750 _ 


(5) What is the electrical efficiency of the machine con- 
sidered under (2), if it is runas a motor from a 125- 
volt circuit, being supplied with 26 amperes? 


Solution.—By (62): 
Bl. Beg, = (125X26)=[(20"x..82)+ ("x 125)] _ 3260— 325 


125 X 26 , 8250 
= .90, or 90%. 


El. Eff. = 


__ 2925 
~ 3250 


118 DIRECT-CURRENT ‘DYNAMOS AND MOTORS. 


(6) A certain 75 H. P. compound-wound motor takes 
140 amperes on a 440-volt circuit; its armature re- 
sistance ts .O6 ohm; series field resistance, .0O7 

ohm; shunt resistance, 293 ohms; compute its elec- 
trical efficiency. 

Solution.—The current employed for shunt excitation in 
this case is aa = 1.5 amperes; hence the current flowing 
in the armature, 140 — 1.5 = 138.5 amperes, and there- 
fore by formula (63): 


(440 x 140) — [(138.5" x .067) + (1.57 x 0) 


El. Ef. = 440 X 140 
_ 61,610 — 1945 _ 59,665 
* 61,610 61,610 7 Poo Ft 96.8%, 


84. Commercial Efficiency.—By the commercial effi- 
ctency, or net efficiency, of a dynamo-electric machine is 
meant the ratio of its output to its intake. The intake 
of a generator is the mechanical power required to drive ~ 
it, and is the sum of the total electrical power generated 
in the armature and of the power losses due to hysteresis, — 
eddy currents, and friction; the antake of a motor is the 
electrical power delivered to its terminals. The output 
of a generator is the electrical power available at its 
terminals; the output of a motor is the mechanical 
power available at its shaft, and consists in the useful 
power of the. armature diminished by the losses due to 
hysteresis, eddy currents, and friction. 

The commercial efficiency of a generator, therefore, is: 


PCE LR ves WwW 
Com. Eff. = wr W'+w, - W'+urtwetuwr 
Ww 


~ W+ w+ Wn + wy, t+ we tue?" 


and that of motor: 


Com, Eff. aes Ww" —s W'—u, Aa at wert we) 
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— y) 
ii Ww Seg eat Me, ..(65) 
in which W = electrical power at terminals; that is, 
output of generator, or intake of 
motor; 
W’ = electrical power active in armature; 
W” = mechanical power at dynamo shaft; 
that is, driving power of generator, 
or mechanical output of rotor, re- 
spectively; 
W, = power absorbed by armature winding; 
We. = power used for field excitation; 
Ww, = power consumed by hysteresis; 
We = power consumed by eddy currents; 
w: = power loss due to air resistance, brush 
friction, journal friction, etc. ; 
W. = power required to run machine at nor- 


mal speed on open circuit; 
Wo = Wy + We + We. 


85. Formulas for Commercial Efficiency.—Substitut- 


Com. 


Com. 


Com. ED: = BOF Ort rn) + Cara Ot wo 


ing in the above formulas (64) and (65) the values of 
W, w,, and W,, the following formulas are obtained, in 
which the symbols employed have the same meaning as 
in formulas (58) to (63): 


Series-wound generator: 


E 
EO. = BOLO (r+ tu) + Wy FW we 


-++-(66) 


Shunt-wound generator: 


EC : 
Ef. = EC + Cure! + Can’ Pan” + Wn + We + We’ 


..)-(67) 


Compound-wound generator: 


HC 


(68) 
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Series-wound motor: 


Com. Rf, = HO — LO re + rm’) tw + We + we] 


Com. Eff. = 


EG Pg es 
mesjaeonhi ie motor: 
Ce, Ta + Caan” + Wn twee + w), 
EHC “(4Q) 
Compound-wound motor: 
Done at. = EC—[Cw(r. +Tre V+ Conran” +Wr+We-twre] (TA) 


_ LC 


86. Friction Losses in Dynamo-Electric Machines. 
—In the above formulas all the quantities are known 
from the previous calculation of the machine, except the 
amount of power. lost by friction; the latter will not be 
accurately known until the machine is actually built, and 
must, therefore, here be assumed. Average values of we 
for various sizes of machines, as patersd from experi- 
ence, are given in Table 29, 


TABLE 29. 
AVERAGE FRICTION LOSSES IN DYNAMO-ELECTRIC 
MACHINES. : 
Capacity Average Friction Loss Friction Loss 
of Dynamo, in Watts. in per cent. 
in Kilowatts, We of Output. 
<1 20 20% 
25 4() 16 
a) 60 12 
yi ee 100 10 
3d. 400 8 
10. 700 rE 
25. 1500 6 
pa 2500 5. 
100.. ~ 4000 4 
500. 17500 34 
1000. 30000 3 
5900, 1250006 24 


a De 8s? Oy 
Pa ~ - 
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To obtain the approximate power lost by friction for any 
intermediate size not given in Table 29, take the near- 
est, or the proportionate, percentage from the last column, 
and multiply the number so obtained by 10 times the out- 
put of the machine in kilowatts. The result will be the 
required power loss, in watts. Thus, for a 15 K. W. 
machine, the percentage of power loss by friction is about 
6% per cent.; hence the approximate amount of the power 
loss: 


62 X 15 X 10 = 1000 watts. 


If the nearest percentage given in the table is taken, 
- the power loss for a 15 K. W. machine is found 


7X 15 X 10 = 1050 watts. 


87. Examples of Calculating Commercial Effi- 
ciency.—To show the use of formulas (66) to (71), 
and of Table 29, let us determine the commercial effi- 
ciencies of the machines considered in Par. 83. 


(1) The 2500-volt 10-ampere series generator referred 
to in Example (1) of Par. 83 has a hysteresis loss of 
400 watis, and an eddy current loss of 100 watts; 
determine its commercial efficiency. 

Solution.—According to Table 29, the friction loss of a 
25 K. W. machine is about 1500 watts; therefore, by 
formula (66): 


| 25,000 
Com. Eff. = 25,000 + 2000 + 400 + 100 + 1500 
25,000 _ 
= 57000 = 8625, or 8614. 


(2) Find the commercial efficiency of the 3 K. W. shunt- 
wound generator of Example (2), Par. 83, tf tts hys- 
teresis loss is 25 watts and its eddy current loss 10 
watts. ’ 


‘. Solution.—From Table 29 it is found that the percent- 


age of friction loss for a 3 K. W. machine is about 9%, 


i) 
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hence the approximate friction loss is obtained as 9 X 3 
x 10 = 270 watts. Formula (67), therefore, bas 


3000 __ 3000 
Com. Eff. = ~ 8000+ 200-125-254 10 + 270 3630 
.826, or 82.62. 


(3) The hysteresis a of the 50 K. W. compound-wound 
generator given in Example (3), Par. 83, ts 350 
watts, its eddy current loss 65 watts; cohtt ts its 
commercial efficiency ? 


Solution.—Table 29 gives w; = 2500 watts; by means 
of formula (68) we therefore obtain: 


50,000 
Com. EG. = 59 000 + 1660 4-925 + 3504 65 4 2500 
50,000 | 
= 55,500 90, or 90%. 


(4) What is the commercial heiekey of the 220-volt 
series motor of EKxample (4), Par. 83, its power loss 
by hysteresis being 200 watts, and od eddy current 
loss 50 watts? 


Solution.—The current taken by this motor is given as 
100 amperes, hence its capacity is 220 x 100 = 22,000 
watts, or 22 K. W., for which Table 29 gives'a friction 
loss of approximately 6%. Therefore, we = 6 X 22 X 10 
= 1320 watts, and by (69): 

22,000 — (1250 + 200 + 50 + 1320) 
Cot EE oe 22,000 
19,180 


=a i eee 872, or 87.2%. 


(5) Determine the commercial efficiency of the shunt- 
wound motor given in Examples (2) and (5) of Par. 
83, if tts tron losses are the same as given above for 
the 3 K. W. generator. 


Solution.— By: (70): 
_ 3250 — (325 + 35 + 270) _ 2620 
Com. Eff. cee 3250 7 = 3950 

= .806, or 80.6%. | 
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(6) What ts the commercial efficiency of the 75 H.P. 
compound motor considered in Example (6) of Par. 
83, if its hysteresis and eddy current losses aggre- 
gate 1200 watts? 


Solution.—The capacity of this motor is about 60 K. W., 
hence the friction loss, by Table 29, is about we = 5 X 
60 X 10 = 3000 watts, and by (71): 


_ 61,610 — (1945 + 1200-+3000) 55 465 
Com. Eff. = 61,610 ~ 61,610 


= .90, or 902%. 


88. Magnitude of Commercial Efficiency.—The com- 
mercial efficiency of well-designed machines ranges from 
.7, or 70 per cent., for small dynamos, to .96, or 96 per 
cent., for large ones. The commercial efficiency of a 
dynamo is always smaller than its electrical efficiency, 
since the former, besides the electrical power dissipation, 
includes all mechanical and magnetic power losses, such 
as are due to journal friction, to hysteresis, to eddy cur- 

_rents, and to magnetic leakage. The commercial effi- 
ciency, therefore, depends upon the amount of the elec- 
trical efficiency, upon the shape of the armature, upon 
the design, workmanship, and alignment of the bearings, 
upon the pressure of the brushes, upon the quality of the 
iron employed in armature and field magnets, and upon 
the degree of lamination of the armature core; while the 
electrical efficiency is a function of the electrical resist- 
ances only. The mechanical and magnetic losses vary 
very nearly proportionally to the speed; the no load 
power consumption for any given speed, consequently, is 
approximately equal to the open-circuit loss at normal 
speed multiplied by the ratio of the given to the normal 
speed. ; 


89. Efficiency of Belt-Driven Machines.—In the case 
of belt-driving, the mechanical power at the dynamo 
shaft, in foot-pounds per second, can also be expressed 
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by the product of the belt-speed, in feet per second, and 
of the effective driving power of the belt, in pounds; or, 
converted into watts: 
Ww = 8% Lm ¢,)=1.9564x "x (Fr—fr), -...(92 
550°" 60 nshey a 4 b—Jo), «+ (42) 
where 746 = number of watts equal to 1 horse-power; 
550 = number of foot-pounds per second equal to 
1 horse-power; 
Vv,’ = belt velocity, in feet per minute; 
Vv,’ = belt velocity, in feet per second; 
F, = tension on tight side of belt, in pounds; 
f» = tension on slack side of belt, in pounds. 
The commercial efficiency of a generator, therefore, may 
be expressed by: 
Ww EC 
Com. Ef. a Ww" ~ 1.3564 xX Up’ X (Ff, — fr)’ : 
and the commercial efficiency of a motor, by: 


"7 ” Sad al 
Com. Ef. = Gr = ERX AMD) cua) 


.(73) 


90. Example of Belt-Driven Machine.—Compute the 
commercial efficiency of a 3 K. W. belt-driven ma- 
chine, tf its speed is 1800 revolutions per minute, 
its.pulley diameter 64 inches, and if the tension on 
the tight side of its belt is found to be 82_pounds and 
that on the slack side 30 pounds. 

Solution.—tThe belt velocity in this case is “axe x 1800 
= 3060 feet per minute, or 41 feet per second. Conse- 


quently, by (73): 
3000 3000 — 


Com. Ef. = T3564 x 51 x (82 = 80) ~ 3600 
= .833, or 83.34. 


91. Losses in Dynamo Belting.—Since in a direct-driven 
generator the commercial efficiency is the ratio of the 
mechanical power available at the engine shaft to the 
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electrical energy at the machine terminals, for compari- 
sons between direct and belt-driven dynamos, the loss in 
belting should also be included in the formula for the 
commercial efficiency of the belt-driven generator. The 
following Table 30 contains averages of these losses for 
various arrangements of belts: 


TABLE 30. 
LOSSES IN DYNAMO BELTING. 


Arrangement of Belts. arr rhe a Ee al ges 
BEOIORIGRL TIOIG wo wee een ese dito 10 per cent. 
CE Se eee Se ep 4 
Countershaft and Horizontal Belt. . 10: 35 “ 
Countershaft and Vertical Belt .... 23° ** 96 & 

Main and Countershaft with Belts. . 20 ** 30 Ke 


92. Gross Efficiency. or the effi- 
ciency of conversion, in a generator is the ratio between 
the total electrical power generated and the gross me- 
chanical power delivered to the shaft; and in a motor it 
is the ratio of the mechanical output to the total elec- 
trical power in the armature. 

The gross efficiency is, therefore, the quotient of the com- 
mercial and electrical efficiencies, or 


Gr. Eff. —— El Ef” eee e eee eee eeeeereee @eeeece (75) 
ond consequently varies between a = .825, or 82} per 
cent., for smail dynamos, and == = .965, or 964 per 


cent., for large machines. 


93. Example of Gross Efficiency.—Find the gross effi- 
ciency of the 50 K. W. compound-wound generator 
of Example-(3), Pars. 83 and 8%. 
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ee 


Solution.—The electrical efficiency of this generator was 
found to be .95, and its commercial efficiency .872; there- 
fore by (75): 

Gr. EF, = 22 = 917, or 91.74. 


9d 


94. Weight-Efficiency.—The weight-efficitency of a dyna- 
mo, that is, the output per unit weight, is obtained by 
dividing the output, in watts, by the weight, in pounds. 
The numerical value of this ratio shows at a glance 
whether or not the machine is designed economically, 
since the weight efficiency indicates how the cost of the 
prospective ‘machine is going to compare with that of . 
existing dynamos. 

The weight-efficiency of modern machines ranges between 
2 and 20 watts per pound, according to their speed and 
size. For low-speed dynamos, the limits are from 2 to 10 
watts per pound, the former figure referring to very 
small machines (less than 4 K. W. capacity), and the 
latter to very large ones (2,000 K. W. and over). In 
medium-speed machines the weight-efficiency varies 
from 3? to 15 watts per pound, according to the size; and 
high-speed dynamos have weight-efficiencies from 4 tu 20 
watts per pound. 

To determine the total weight of the machine, compute the 
weights of the magnet frame, armature, and windings 
from the dimensions; estimate the weights of the shaft, 
the bearings, and the bedplate or supporting brackets; 
and, according to the size and current output of the 
machine, allow from 4 to 25 per cent. of the total weight 
so found, for accessory parts, such as commutator, pul- 
ley, brushes, brush-rocker, switches, connectors, cables, 
etc. A small allowance for accessory parts, from 4 to 10 
per cent., is to be made in the case of large machines of 
high voltage in which all the current-carrying parts are 

- comparatively small; and a large allowance, from 15 to 
25 per cent., in the case of small, low-voltage machines 
having comparatively massive current-conveying parts. 
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95. 


The weight of the shaft, bearings, and bed (or supporting 
brackets) depends upon the type and arrangement of the 
machine, and varies so widely for different designs of 
machines that no definite rule for estimating its amount 
can be given. 

To compute the weights of the various parts, multiply their 
solid contents, in cubic inches, by .28, in case of wrought 
tron or cast steel; by .26, in case of cast tron; by .32, 
for copper; and by .30, for brass. 


Example of Determining Weight-Efficiency.— 
Find the weight-efficiency of the toothed-armature 
shunt-wound four-pole dynamo shown in Fig. 26, page 
77. 


Solution.—The weights of the various parts of this dy- 
namo are as follows: 
Yoke, 274" external diameter, 224” internal diameter, 
8” breadth: 


[ 274" : = eae | AE BR AA eae ae 440 Ibs. 
4 cores, 63" diameter, 4” long: 
eee XX BBS eal. t ese 155 


Polepieces and core-seats on yoke, approximately, 75 “ 
Magnet winding (see page 111), 148 lbs., or round: 150 * 
Armature. Core, 12” external diameter; 6$” in- 
ternal diameter; 10$” long; slots, 1’’ deep. 
Provided that the entire height of the slots is occu- 
pied by the winding, the dimensions of the wound 
armature are: External diameter 12”, internal 
diameter 4%”, length 124”; and its weight is, 
practically: 


[i2yZ - (48)"F | Ph M28 Ss e535)... yusx 800). 


The total weight of the armature core and wind- 
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ing is herecomputed approximately by considering 
the wound armature as a hollow cylinder of iron. 
A more accurate method is to find the exact 
weight of the armature core, by deducting from 
the core, with the slots considered as solid, the 
weight of the iron in the slots, and adding to it 
the weight of the winding obtained by Par. 38 
and Table 13. 


Bedplate, Journals, and Shaft (estimated)....... 800 lbs. 
Aggregate weight of principal parts.......... 1950 Ibs. 
Allowance for accessory parts (15% of above 

Figure). 3 ina aes oe fy eke eee meee B00) 5 

Total weight of machine.............-. ey .. 2250 lbs. 


The output of the above dynamo is 125 volts and 240 
amperes (see page 88), or 30 kilowatts; hence the weight- 


efficiency: 


30,000 
Wt. Bf. = 


This being a very high weight-efficiency for a dynamo of 
the given size and speed, it follows that the machine is 
economically designed, and would, when built, compare 
favorably, as to lightness and cost, with existing ma- 
chines, 


= 13.3 watts per pound. 
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THE DESIGN OF DIRECT-CURRENT 


1. 


9. 


DYNAMOS AND MOTORS. 


In what form is a problem of generator design. usually 
given? 


Give the formula for the current strength of a generator if 
its capacity and voltage are known. 


State the form in which a problem of motor calculation is 


usually given. 


Give the formula for the output of a generator which corre- 
sponds to a motor of given horse-power. 


Express the counter E. M.. F. of a motor in terms of the 
supply voltage. 


By what formula can the current strength of a motor be 
found, if its output, its voltage, and its electrical efficiency 
are given? 


Find the electrical power equivalent to a motor output of 15 


_ horse-power. 


What is the average counter E. M. F. of a 2 H. P. motor 
designed to operate on a 110-volt circuit? 


Compute the full-load current of a 50 H. P. motor run from 
a 250-volt circuit. * - 
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Lt. 


18. 


19. 


20. 


21. 


22. 


23. 


24. 


Give the average electrical efficiency of a 3 H. P. motor. 


What is the average commercial efficiency of a 35 H. P 
motor? 


State the four principal forms of armatures. 

Which of the four types of armatures referred to in the ‘pre- 
ceding question are most used? Give also the scope of 
the other types. 

Name the chief advantage of the ring type of armature. 


State the advantage of formed armature coils. 


What is the principal advantage of the drum type of arma- 
ture? 


What is the latest practice in the selection of the type for 
an armature? 


What is the object of laminating the armature core? 

In which direction should the armature core be laminated 
relative to the direction of the magnetic flux and to the 
direction of rotation? 


State the disadvantages of armature cores built of iron wire. 


How are the core discs arranged in armatures of small and 
of large sizes? 


What is the usual thickness of the sheet iron employed for 
core discs? 


How are the core lamingw insulated from each other? 


How does the lamination of the armature core affect its 
magnetic carrying capacity? 
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25. 


26. 
2%. 
28. 


29. 


30. 


31. 


32. 
33. 


34. 


35. 
36. 


37. 
38. 


- What is understood by the effective cross-section of the 


armature core? 
Name the advantages of toothed armatures. 
State the disadvantages of toothed armatures. 


How should the slots of a toothed armature be proportioned 
so as to avoid the generation of eddy currents in the pole 
pieces? 


Name some expedients employed to reduce the eddy current 


tendency due to improperly proportioned toothed arma- 
tures. 


What are the objections to perforated armatures? 


Name the chief points to be considered in determining the 
size of an armature. 


Give the formula’ for the peripheral velocity of an armature, 


‘Express the diameter of an armature in terms of its periphe- 


ral velocity, v, and its revolving speed, v,. 


What are the limits of the peripheral velocity in practical 
machines? 


Give the average value of v for high-speed ring machines. 


What is the average peripheral velocity of medium-speed 
ring machines? 


State the average of v for low-speed machines. 


What is the average circumferential velocity of drum 
armatures? 


Give the approximate armature velocity fora high-speed 
ring machine of 25 K. W. capacity. 
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41. 
42. 
43. 
44, 
45. 
46. 
47%. 
48. 


49. 


50. 


51. 


52. 


What peripheral velocity should be chosen for a 400 K.. W. 
low-speed direct-connected machine? 


State the approximate velocity of a 600 K. W. medium-speed 
ring armature. 


Give the approximate peripheral speed of a 25 K. W. drum 
armature. 


Name the kinds and sizes of machines for which 3,000 feet 
per minute is a good value for the peripheral velocity. 


Define the cooling surface of an armature. 


What portion of its surface do we consider the cooling area 
of adrum armature? Why not the entire surface of the 
core? 


Give the formula for the cooling surface of a drum armature 
in terms of its diameter and length. 


Whatis the formula for the cooling surface of a drum arma- 
ture, expressed in terms of its diameter and shape ratio? 


What area is usually considered the cooling surface of a 
ring armature? 


Give the formula for the usual case of the cooling surface 
of a ring armature, if all its dimensions are given. 


What formula is used for the cooling surface of a ring ar- 
mature, if only its diameter is given and its shape ratios 
are assumed? 


How much cooling surface is needed to dissipate the heat 
corresponding to 1 watt of power loss? | 


Give the formula for the cooling surface required for a 
dynamo having a capacity of W wats. 
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53. 
54. 


55. 


60. 


61. 


62.. 


63. 


64 


What is the average percentage of power loss in a 75.K. W. 
machine? 


Give the usual limits of the actual power loss (in kilowatts) 
of a 200 K. W. dynamo. 


From Table 3, Instruction Book, find the usual limits and 
the average of the power loss in a 10 K. W. dynamo.. 


Give the formula for the diameter of a drum armature hav- 
ing a cooling surface proportional to its capacity W. 


State the corresponding formula for a ring armature. 


What value of s should be used in the formula for drum 
armatures referred to in Question 56? 


Give the value of the specific cooling surface employed in 
connection with ne formula for ring armatures referred 
to in Question 5 a5. 


Give the average ratios (a) of length to diameter, and (b) 
of radial thickness to diameter, for a 10-foot ring arma- 
ture, using Table 4, Instruction Book. 


From the answer to the preceding question find the average 
length and radial thickness of aring armature n> aha a. 
diameter of 10 feet. 


State the approximate shape ratios of a ring armature 20 
inches in diameter. 


What is the average shape ratio, m, and the length, La, of 


a drum armature 8 inches in diameter? 


Give the approximate average length of a drum armature 
having a diameter of 36 inches. 
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65. 


66. 


67%. 


68. 


69. 


70. 


41. 


42. 


What must be the diameter of a 100 K. W. drum armature 
designed to run at 450 revolutions per minute, in order to 
have the proper peripheral velocity as given by Table 2, 
Instruction Paper? . 


Compute the smallest diameter which the armature, speci- 
fied in the preceding question, must have in order that its 
specific cooling surface be at least s = .7 square inch per 
watt, when assuming a percentage of power loss of k = 
.04 and a shape ratio of m = 1.25. 


A 12K. W. drum armature is to run at a speed of 1,000 rev- 
olutions; find the diameter for which both the circumfer- 
ential velocity and the cooling surface are nearest to the 
averages given in Tables 2, 3, and 4, Instruction Paper. 


Determine the diameter of a 300 K. W. direct-driven ring 
armature for a speed of 150 revolutions per minute both 
by peripheral velocity and by cooling surface, using the 
average values of v, s, k, m, and m’ given in the tables. 


Give the length and radial thickness of the armature con- 
sidered in the preceding example, and compute its actual 
cooling surface from the dimensions. 


Determine in a similar manner the cooling surface of the 
drum armature of Question 6%. 


From Table 5, page 17, Instruction Paper, find the shape 
ratio m of the 7} H. P. Crocker-Wheeler motor, the 
length of the armature being the dimension marked J, 
and the diameter being the dimension designated by Y. 


Using the data given in Table 5, compute the peripheral 
velocity of the 3 H. P. Crocker Wheeler motor, the 
armature diameter Y being expressed in inches. 
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%3. 


74. 


75. 


76. 
77. 


78. 
49. 
80. 


$1. 


82. 


83. 


What are the smallest and greatest values of the velocity v 
in the Edison bipolar drum machines tabulated on page 
18, Instruction Book? State which size machine has the 
minimum value of v,and for which size v is a maximum. 


Give the maximum and minimum values of the shape ratio, 
m for Edison drum armatures. 


From Table 7%, Instruction Book, find the average value of 
the velocity v for Westinghouse medium-speed drum 
armatures. 


Find a similar average for General Electric medium-speed_ 
- ring armatures, from Table 8. 


Give the values of the shape ratios m and m’ for No. 1, 
No. 4, and No. 6 machines of Table 8, Instruction hack 


What are the values of v used in the 2 K. W., 50 K. W., 
and 600 K. W. Crocker-Wheeler multipolar generators 
(Table 9)? 


What are the shape ratios m of the armatures of the ma- 
chines named in the preceding question ? 


Compute the peripheral velocities of the General Electric 
low-speed generators given in Table 1. 


Find the values of the shape ratios m referred to in the pre- 
ceding question. 


From dimensions A, C, and D, given in Table 10, deter- 
mine the ratios m’, of radial thickness of the solid portion 
of the armature core to the diameter, for General Elec- 
tric low-speed multipolar generators. 


Compare the two 17.5 K. W-. high-speed ring machines 
given in Table 11. 
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84. 


85. 


86. 


87. 


88. 


89. 


90. 


Make'a similar comparison between the two 150 K. W. low- 
speed machines given in the same table. 


From the data given in Table 11, Instruction Book, com- 
plete the following table of approximate average speeds 
of high, medium, and low speed ring dynamos: 


TABLE OF AVERAGE RING ARMATURE SPEEDS. 


Output, in Kilowatts.|| High Speed. Medium Speed.| Low Speed. 


2.5 2 1600 |. 1100 500 

5 1400 1000 400 

10 

50 

100 

150 

250 

500 ae 
1000 


From the figures of Table 12 compile a similar table of. 
average drum armature speeds for .5, 1, 2,5, 10, 25, 50, 
100, and 200 K. W. machines. 


State the limits between which it is customary to choose the 


specific cross-section of the armature conductor. 


What is the specific conductor cross-section usually allowed 
in armatures for ordinary dynamos? 


In what class of machines is it expedient to use the lower 
limit referred to in Question 8%, and in what class of 
machines is the upper limit of specific cross-section em- 
ployed? 


What portion of the total current flows through each arma- 
ture conductor in a bipolar armature? 
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91. 


92. 


93. 


94. 


95. 


96. 


97%. 


98. 


How is a current in any conductor of a multipolar dynamo 
related to the total current, (a) when opposite coils of the 
armature windings are cross-connected at the commuta- 
tor, (b) when the brushes are connected in parallel, 
(c) when the coils are connected by a two-circuit wind- 
ing? 


A six-pole machine furnishes a total current of 300 amperes; 
what is the current flowing in each wire, if the winding is 
cross connected, and if each conductor consists of 2 wires. 
connected in parallel? 


What must be the gauge of the wire referred to in the pre- 
ceding question, if a specific area of 8V0 circular mils per 
ampere is taken? Use Table 13, Instruction Book. 


Given a smooth armature of 9 inches diameter, how many 
No. 12 B. & S. wires can be wound on it, if the height of 
the winding space is not to exceed $4 inch, and if one-tenth 

of the circumference is used for division strips? 


A smooth ring armature of 30 inches external diameter, 22 
inches internal diameter, and 12 inches length, is wound 
with No. 8 B. & 8. wire toa uniform height of + inch. 
Find the number of conductors, the total length of wire 
and its total resistance, assuming that the entire interior 
surface is covered by the winding. 


A toothed armature of 21 inches diameter has 88 slots, each 
% inch wide and 1,% inches deep; how many No. 10 
B. & 8. wires can be wound on it? 


Determine the sizeof conductor required for a 50 K. W. 125- 
volt bipolar dynamo to be used under ordinary conditions, 


Find the sectional area required for the armature conductor 
of a 1200 K. W. 8-pole railway generator (550 volts) cor 
central station use. 
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99. Compute the gauge of the armature wire for a 30 H. P. 
bipolar elevator motor to run on a 220-volt circuit. . 


200. What size wire should be used for a 12 K. W. 4-pole arc- 
light generator delivering 10 amperes and having a 
two-circuit winding? 
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101. 
_ 102. 
103. 
104, 
105. 


106. 


10%. 


108. 


109. 


110. 
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Upon what does the number of conductors depend which 
can be placed upon an armature of given diameter? 


Give the average winding height of a 6-inch smooth drum 
armature. 


What is the average height to which a 50-inch smooth 
ring armature is usually wound? , 


Give the average depth of slot of a 20-inch toothed arma- 
ture. 


Give a simple formula expressing the cross-section of the 
winding space on a smooth-core armature. 


What average percentage of the total winding space is 
occupied by insulation, etc., in an ordinary smooth-core 
armature machine? 


State formula giving the available inductor space on a 
smooth-core armature. 


Give formula for total number of conductors on a smooth- 
core armature, if the diameter of the core, the winding 
height, and the thickness of the wire are known. 


State the formula for the approximate total number of 
conductors on a toothed armature, if the armature 
diameter, the winding height, and the size of wire are 
given. 


What is the usual practice with reference to the number 
of commutator segments for dynamos of various vol- 
tages? 


- 
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116. 


117. 


118. 


119. 


120. 


121. 


122. 


1253. 


How is the final number of wires per layer in a smooth- 
core armature found? 


How is the arrangement of armature inductors adjusted, 
when the final number of wires per layer referred to in 
the preceding question is found about half-way between 
two whole numbers? : 


How can a given winding space be utilized to the best ad- 
vantage, electrically? 


Give average number of slots for toothed armatures of vae 
rious diameters. 


By means of formula 16, find the approximate number 
of No. 12 B. & S. wires that can be wound upon a 
smooth drum armature 44 inches in diameter, and 
verify result by use of Table 13, Instruction Book. 


How many No. 9 B. & 8S. wires can be placed on a 
smooth ring armature having an external diameter of 
30 inches? Use both formula (16) and Table 13. 


Determine the number of No. 5 B. & 8. wires which may ~ 
be put on a 60-inch smooth ring armature. 


Compute the approximate number of No. 7 B. & S. wires 
on a 32 inch toothed armature, using formula (17), In- 
struction Book. 


Check the result obtained in answer to the preceding ques- 
tion by means of the data given in Table 13. 


Check the answer to Question 118 by means of Tables 
14 and 15. 


State the fundamental relation between the rate of cutting 
magnetic lines and the voltage generated. 


What is the voltage generated per foot of armature in- 
ductor under unit conditions? 


What are termed the idle conductors on an armature, and 
what percentage does their number usually bear to the 
total number of conductors? 
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124. Give the formula for the total E. M. F. generated in an 
armature. 


125. By transformation of the EK. M. F. formula referred to in 
the preceding question, give the expression for the 
length of armature inductor required to produce a cer- 
tain voltage. 


126. Upon what does the gap induction iu a dynamo depend? 


12%. How can Table 16 be used for machines in which a strong 
field is desired ? 


128. How is Table 16 used in case of electroplating ma- 
chines, battery motors, and incandescent generators? 


129. From Table 16 find the approximate gap density for a 25 
K. W. smooth armature bipolar dynamo having cast 
iron polepieces. 


130. What field density should be hone for the machine re- 
ferred to in the preceding question, if it had a toothed 
armature and cast steel pole shoes? 


131. Give the average field induction which should be taken 
| for a 50 K. W. multipolar dynamo with smooth arma- 
ture and wrought iron polepieces, if a strong magnetic 

field is required. 


132. What gap density is to be used for a 10,000-light multipo- 
lar incandescent generator having a toothed armature 
and steel polepieces? 


133. Give the average field density employed for the machine 
‘ referred to in the preceding question, in case of a 
smooth-core armature and strong field. 


134. Express the length of the armature core in terms of the 
| number of inductors and of their active length. 


135. If anarmature has N inductors and n, bifurcations, what 
is the number of inductors effective in generating, the 
total voltage? 


136. Give the formula for the armature flux in terms of the 
electrical data of the machine. a al 
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137. 
138. 


139. 


140. 


141. 


142. 


143. 


144. 


145. 


146. 


147. 


Express the armature flux in terms of the field density and 
of the dimensions of the armature. 


The total armature flux of a 6-pole dynamo being 9,000,- 
000 lines, what is the flux per pole? 


Find the armature flux of a bipolar 60 K. W. 130-volt 
generator, having 100 armature inductors and running 
at a speed of 700 revs. per min. 


By the use of formula (22), compute the gap induction 
of the machine given in the preceding example, pro- 
vided that-its armature has a diameter of 15 inches and 
a length of 24 inches. | 


A 300 K. W. 4-pole railway generator gives 550 volts at 
4 0 revs. per min.; its frame is of cast iron, and it has 
a toothed ring armature, 44 inches in diameter and 27 
inches long, which is wound with 360 conductors ar- 
ranged in 4 circuits. Find the armature flux by for- 
mula (21) and check the result by formula (22), 
using Table 16. 


Give formula for radial depth of armature core. 


What is the average practical flux density in the armature. 
core, (a) for ordinary bipolar machines, (b) for ordi- 
nary multipolar dynamos, (e) for are lighting ma- 
chines, (d) for low-voltage machines, and (e) for 
alternators? 


The armature of a bipolar incandescent dynamo is 12 
inches long; the armature flux is 6,000,000 lines. How 
deep should the core be made? 


Compute the proper breadth of cross-section for the ar- 
mature of a 4-pole are lighting machine from the fol- 
lowing data: Diameter, 23 inches; length, 9 inches; 
gap induction, 15,000 lines per square inch. 


Show how to find the radial depth in the preceding exam- 
ple, if the length of the armature is not given. 


Find the radial depth of the armature core of an 8-pole 
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railway generator, having 2,400 armature conductors, 
if at 175 revs. per min. its voltage is 550, and if the 
length of the armature is 134 inches. 


148. What should be the internal diameter of a 6-pole ring 
armature whose external diameter is 17 inches and 
whose length is 5 inches, if the total armature flux is 

2,700,000 lines? 


149. Give the formula for the total length of conductor on a 
drum armature. 


150. What are the usual limits of the numerical value of the 
factor k in the formula matonred. to in the preceding 
question? 


151. Compute the average total length of wire on a smooth 
drum armature, 8 inches in diameter and 15 inches 
long, if its winding consists of 66 coils, each having 2 
turns. 


152. What is the total length of conductor of a toothed drum 
armature, 8 inches in diameter, 14 inches long, having 
36 slots, each holding 8 wires, the depth of the slots 
b. ing 1 inch? 


153. Define a spirally wound armature. 


154. State the formula for the total length of wire on a 
spirally wound ring armature. 


155. A spirally wound smooth-core armature has an external 
core diameter of 18 inches, and an internal core diame- 
ter of 11 inches, and a length of 15 inches; it contains 
560 conductors occupying an average height of 4 inch; 
what is the average total length of wire? 


156. Find the approximate total length of wire on a 27-inch 
armature, 12 inches long, which is wound with 144 
formed coils, each consisting of 4 turns and spanning 
one eighth of the circumference. 


15%. A 14-pole toothed armature is wound with formed coils. 
Its diameter is 7 feet; its length, 174 inches; it has 
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158. 


167... 


168. 


169. 


192 slots, 6 conductors per slot. Compute the approxi- 
mate total length of wire. 


If a wire having a resistance of 16 ohms is divided into 8 
equal par.s, what is the joint resistance of the 8 pieces. 
of wire when connected in parallel? 


Express the armature resistance in terms of the total 
resistance of the armature wire and of the number of 
bifurcations. 


Give the formula for computing the armature resistance 
from the total length of wire on the armature. 


What is meant by the resistivity of a wire? 


How is the resistivity at a temperature higher than 20° C. 
found? ; 
What is the rule for computing the resistivity of a warm 
wire, when the temperature is given in Fahrenheit. . 
degrees ? 


By what factor must the resistivity at 68° F. be multiplied 
to obtain the resistivity at 140° F.? 


What is the resistivity of No. 9 B. & S. wire at 50° C.? 
Find the resistance at 80° C. of the armature given in 


Example 151, if each conductor consists of 4 No. 13. 
B. & §. wires. 


What will be the resistance in the previous case, if the 


armature, in order to produce double the voltage and 
one-half the current output, is connected upso tht each 
conductor consists of only 2 No. 13 wires? 


Give the resistance of the armature referred to in Ques- 
tion 166 for the case that it is wound in 4 parallel cir- 
cuits suitable for a 4-pole field. 


Compute the resistance at 76° C. of a bipolar drum arma- 
ture 23? inches in diameter, 26$ inches long, and wound. 
with 49 coils, each coil consisting of 1 turn of 20 No. 
7B. & S. wires. 
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170. A 6 pole ring armature having an external diameter of 42 
inches, an internal diameter of 34 inches, and a length 
of 11 inches. is wound spirally with 600 turns of 2 No. 
6 B. & S. wires, in two layers. Find its resistance at 
60° C. | 

171. What would be the resistance of the armature in the pre- 
ceding example, if it were wound with 1,200 turns of 
1 No. 6 B. & S. wire so as to give double its previous 
voltage in a 4-pule field? 


172. How can the armature design be checked with reference 
to the heating limit? 

173. If the temperature increase of the armature is found 
excessive, how must the armature be re-designed ? 


174. Give formula for computing the power loss in the arma- 
| ture winding. 


175. How can the exact amount of the shunt current in a 
completed machine be computed? 


176. Tabulate the average factors by which the external cur- 
rent of shunt and compound wound generators and 
motors of various capacities must be multiplied, in — 
order to obtain the current flowing in the armature. | 


177%. What is the formula for the power loss by hysteresis? 
178. What does the hysteresis factor express? 


179. How can the hysteresis factor for any given flux density 
be calculated? 

180.. What is the value of the hysteresis factor for a flux den- 
sity of 77,500 lines per square inch? 


181. Find the hysteresis factor for a density of 142,000 lines 
per square inch. 


182. How is the frequency of a dynamo obtained? 
183. Give formula for the mass of the armature core. 


184. By what formula is the power loss by eddy currents 
calculated ? 
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185. 
186. 
18%. 
188. 
189. 
190. 


191. 


(192. 
193. 


194. 
195. 


196. 


19%. 


What is the eddy current factor, and upon what does its 
magnitude depend? 


Give the eddy current factor for sheet iron, 20 mils thick, 
at a flux density of 94,000 lines per square inch. 


What is the eddy current factor for .012-inch sheet iron 
at 85,000 lines per square inch? 


Compute the eddy current factor at 88,000 lines for a 
thickness of lamination of =; inch. 


How is the specific power loss in the armature obtained? 


Tabulate the average temperature increase of drum and 
ring armatures corresponding to various values of the 
specific cooling surface. 


What is the probable average temperature rise of a ring 
armature, for which the value of the specific cooling 
surface has been found to be .85? 


What is meant by the circumferential current density of 
an armature? 


Give the formula for the circumferential current density 
of any armature. 


Compile the average values of the temperature rise cor- 
responding to various values of the circumferential 
current density. 


If the circumferential current density of a high-speed 
armature has been found to be ¢ = 335, what will be 
the probable average temperature rise ? 


Find the probable temperature increase of a bipolar drum 
armature of which the following data are known : 
Output (constant potential), 250 volts, 100 amperes; 
speed, 1,300 revs. per min.; diameter, 3 inches; length, 
163 inches; inside diameter of disc, 34 inches; thickness 
of sheet iron, .020 inch; winding, 66 coils of 2 turns of 
No. 6 B. & 8. wire; resistance, at 20° C., .06 ohm. 


Predetermine the approximate average temperature rise 
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of a 100 K. W. ring armature, 66 inches in diameter, 
which generates 150 volts at 175 revs. per min , ana 
which is wound with 944 conductors connected in 8 
circuits. 

198. <A smooth ring armature, having an external core diame- 
ter of 106 inches, an internal diameter of 952 inches, 
and a length of 26 inches, generates a current of 
800 amperes at 500 volts, when running at a speed of 
100 revs. per min.; the sheet iron used for its core disc 
has a thickness of .020 inch; its winding consists of 
1,632 turns of 2 No. 5 B. & S. wires; the field magnet 
has 12 poles and is compound wound. What tempera- 
ture increase may be expected under average condi- 
tions? 

199. A bipolar toothed armature 38} inches in diameter has 
138 slots, ;{; inch wide by 1,; inch deep; its length is 
10 inches; the radial depth of its solid portion is 62 
inches; its core is built up of .015-inch sheet iron; its 
winding consists of 46 c.ils, each coil having 9 turns of 
20 No. 12 B. & S. wires; the coils are wound spirally, 
60 wires being placed in each slot. When running at 
200 revs. per min., the output of this armature is 50 
K. W., at 125 volts; to what average final temperature 
isit expected to heat, if the temperature of the dynamo 
room is 18° C.? 


200. Compute the temperature increase of the armature of a 
16-pole compound-wound railway generator from the 
following data: Output, 2,000 kilowatts, at 540 volts; 
speed, 70 revs. per min.; external diameter of toothed 
core, 144 inches; diameter at bottom of slots, 1373 
inches; internal diameter of core, 124 inches; length of 
core, 32 inches; thickness of discs, .018 inch; winding, 
2,016 copper bars, $ inch high by 4+ inch wide, arranged 
in 336 slots, 44 inch wide; resistivity of armature con- 
ductor, .0000375 ohm per foot; interconnection of bars 
effected by end connectors spanning one-sixteenth of 


circumference. 
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DESIGN OF DIRECT-CURRENT 
DYNAMOS AND MOTORS. 


201. What is the almost universal modern practice in regard to 
the adoption of the bipolar and multipolar forms for 
dynamos of various outputs? 


202. Name the advantages of the multipolar form over the 
bipolar. 


203. What are the disadvantages of multipolar machines? 


204. Show the saving of material effected in the multipolar 
construction by comparing a 4-pole frame with a bipo-. 
lar frame for the same armature. 


205. Compare in the same manner as in the preceding question 
an 8 pole machine with an equivalent oneof the bipolar 
type. 


206. If a total flux of 2,400,000 lines is required for an arma- 
ture of given diameter, what must be the carrying 
capacity of the armature cross-section for a bipolar, 
4-pole, and 8-pole machine, respectively ? 


20%. Neglecting magnetic leakage, how many lines are carried 
by eich magnet core and by the yoke section of the 
bipolar, 4 pole, and 8-pole construction in the case con- 
sidered in the preceding question? 


208. Give the formula for the frequency of magnetic reversal 
in a dynamo-electric machine. 


209. What. is the frequency of.an 8-pole machine when running’: 
at 500 revolutions per minute? 
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210, 


211. 


212. 
213. 
214. 


215. 


216. 


21%. 


What are the usual limits of the frequency in direct- 
current machines? 


Give the usual average values of the frequencies for low- . 
speed, medium-speed, and high-speed direct-current 
machines, respectively. 


Give formula for obtainiag the proper speed of a machine 
corresponding to a given frequency. 


What must be the speed of a 6-polar dynamo, if a 
frequency of 15 cycles is desired? 


Compute the maximum permissible speed of an 8-pole 
direct-current machine. 


By transposition of the terms in the frequency formula 
deduce an expression for the proper number of pole- 
pairs for a dynamo. 


From the formula given in answer to the preceding ques- 
tion, find the number of poles for a medium-speed 
machine running at 400 revolutions per minute. 


State the proper number of poles for a low-speed 125- 
revolution machine, by means of Table 23, instraction 
Book. 


Between what limits may the pole number be selected for 
a 175-revolution high-speed dynamo? 


For what kind of machines is the bipolar ra almost 
always adopted? 


In what machines is the 4 pole construction ‘generally 
used? 


Name the kinds of .machines in which 6 poe or more are 
employed. 


What determines the cross-section of a aynamo magnet 
frame? | | nt: 
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223. Give formula for the cross-section of the field frame, and 
state the meaning of the symbols used. 


224. What are the usual limits of the leakage factor for bipolar 
; toothed-armature machines? 


225. Between what limits does the leakage factor ordinarily 
range in bipolar smooth armature machines? 


226. Give the usual range of the leakage factor for multipolar 
ring-type machines having a toothed armature. 


22%. Between what values does the leakage factor of multi- 
polar smooth-armature dynamos usually vary? 


228. State the limits between which the flux density for 
wrought iron and cast steel should be chosen. 


229. What are the best values of the flux density in cast iron? 


230. How is the core area of a multipolar machine obtained 
from the formula referred to in Question 223? 


231. By what number must the total frame area of a multi- 
polar ring-type dynamo be divided to give the cross- 
section of the yoke? 


232. What relation does the yoke-section usually bear to the 
core-section in multipolar types, if the same material is 
used for both? 


233. Show a multipolar type in which the yoke-section is equal 
to the core-section. 


234. What is the usual relation between core-area and yoke- 
area in the bipolar types, provided that cores and yoke 
are of the same material? 


235. Sketch a bipolar type in which the yoke-section is only 
one half the core-section. 


236. Tabulate the average values of the leakage factor for the 
various sizes of the most common types of dynamos, 
according to Tahle 24, Instruction Book. 
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23%. 
238. 
239. 
240. 
241. 
242. 


2453. 


244. 


245. 


246. 


24%. 


What is the approximate leakage factor of a high-speed 
5 K. W. inverted horseshoe type machine, having a 
smooth armature and cast iron field frame? 


State the approximate leakage factor of a low-speed — 
25 K. W. dynamo of the multipolar ring type, having — 
a toothed armature and a cast steel frame. 


Why is the leakage factor for one and the same magnet 
frame smaller with a toothed than with a smooth 
armature? 


Give reason why a wrought iron or cast steel magnet 
frame for a given armature results in a machine of 
smaller leakage than a cast iron frame. 


If two machines of the same type and construction are 
designed to have equal output at different speeds, which 
one will have the greater factor of magnetic leakage, 
and why? 


Why is the leakage factor of small machines greater than 
in large dynamos of the same type? 


Give rules for the length of the magnet cores in bipolar 
machines having toothed armatures. 


State rules similar to those of the preceding question for 
the length of field cores of bipolar smooth-armature 
machines. 


How should the magnet cores of smooth-armature multi- 
polar machines be proportioned ? 


Give the ratios of length to diameter of magnet cores for 
large, medium, and small multipolar machines with 
toothed armatures. 


Why is it necessary to make the magnet cores longer for 
smooth-armature machines than for those having 
toothed armatures? ern © 
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248. The proper core-section for a bipolar machine having been 
found to be 50 square inches, what is the average 
length of each magnet core, if the machine has a smooth 
armature? 


249. What would be the proper length of the magnet cores in 
the preceding example, if the machine has a toothed 
armature? 


250. Give the average length of the magnet cores for a large 
 8-pole smooth-armature machine, if it has been found 
that a total frame area of 1,400 square inches is re- 

quired. 


251. Name the conditions which determine the length of the 
; . air gap. 


252. Between what limits does the radial depth of the air gap 
usually range in machines with toothed armatures? 


253. State the average radial clearances allowed in very small 
and in very large smooth-armature machines, 


254. What should be the bore of the polepieces for a toothed 
armature, 414 inches in diameter? 


255. The height occupied by the winding of a smooth-core ring 
armature, 6 feet in diameter, is 4 inch; find the diame- 
ter of the bore of the polepieces, when allowing 4 inch 
for core insulation, binding wires, etc. 


256. A smooth drum armature, having a core diameter of 13} 
inches, is wound with 4 layers of No. 10 B. & 8S. wire; 
the core insulation consists of two layers of mica-cloth, 
.025 inch thick each, and the binding bands are made 
up of No. 20 B. & 8. phosphor-bronze wire and insu- 
lated from the winding by sheet mica, .012 inch thick; 
give the diameter to which the poles should be bored. 


‘25%. Determine the dimensions of the magnet cores for an in- 
- verted horseshoe-type dynamo similar to Fig. 25, Instr. 
Paper, having a smooth drum armature, 7 in. in diame- 
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dae 


258. 


259. 


260. 


261. 


262. 


263. 


264. 


265. 


ter, 12 inches long, which is wound with 96 turns and 
is required to generate 125 volts and 120 amperes at 
1,500 revolutions per minute. Assume the leakage 
factor to be 1.30, and take a density in the frame of 
80,000 lines per square inch. 


What would be the dimensions of the cores, if the arma- | 
ture in the preceding example had a toothed instead of 
a smooth core, the armature dimensions and number of 
conductors remaining the same? 


Find the dimensions of the polepieces and yoke of the 
machine considered in Question 25%, and show a 
cross-section of the complete magnet frame, making 
the sketch one-quarter size ; insert the dimensions of 
the various parts; show the inverted horseshoe type. 


Make a sketch similar to the one asked for in the preced- 
ing question, for the machine of Question 258, having 
a toothed armature. Draw to the same scale as before 
and give all the dimensions, assuming the slots to be _ 
# inch deep. 


How is the yoke of a bipolar machine usually dimen- 
sioned ? 


Give a formula expressing the height of the yoke of a bi- 
polar machine in terms of the core diameter, provided. 
that the yoke is of the same material as the cores. 


The diameter, D,,, of the magnet coresand the length, La, 
of the armature being given, express the thickness of 
the middle section of the polepieces of a bipolar dyna- 
mo, supposing the polepieces to be made of the same 
material as the cores. 


What effect has slotting of the core upon the dimensions. 
of a small ring armature? 


Compute the diameter and length of cast steel magnet. 
cores for a 6 pole machine having a smooth armature;. 
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A66. 


26%. 


268, 
269. 


270. 


271. 


272. 
273. 
(274, 
275. 


276. 


the flux required is 20,000,000 lines, and the factor of 
leakage 1.28. 


Find the dimensions of the magnet frame of a 4-pole 
machine for which the following data are given: Ar- 
mature, 40 inches in diameter, 25 inches long, having 
84 slots, 13 inch wide and 1} inches deep; useful flux, 
38,000,000 lines; factor of leakage, 1.3; magnet frame 
to be entirely of cast iron, cores to have rectangular 
cross-section ; width of magnet cores and yoke to be 
equal to length of armature core. 


Note:—To find the length of rectangular cores, determine 


the diameter of the equivalent circular cross-section, 
and apply the rules given in Par. 56, Instruction 
Book, 


Give sketch, drawn to scale, showing the complete mag-- 
netic circuit of the machine considered in the preceding 
example. 


Name the advantages of circular magnet cores over rect- 
angular and elliptical magnets. 


In what type of machines is the employment of rectangu- 
lar cores justified, and why? 


State the only exceptional case in which a practical dy- 
namo designer would employ curved magnet cores. 


Give the formula for the total magnetizing force of > 
dynamo, and name the symbols employed. 


State the fundamental law of the magnetic circuit. 
Define permeance. 
How is the permeance of a magnetic path expressed? 


Give the formula for the magnetomotive force, in gilbents;. 
required to produce a certain density in an inom pati» of 
given length. 


Express the ampere-turns required for an_ iron path, if 
metric units are employed. 
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238. 


279. 


280. 
281. 


282. 


283. 


284. 


285. 


286. 


28%. 


288. 


289. 


What is the formula for the ampere-turns of‘an iron } at h, 
in English units? 


State the formula for the ampere-turns of an air path, if 
its length and density are given in metric units. 


Give the expression for the ampere-turns of an air path iti 
English units. 


‘Define specific magnetizing force, 


Give formula for the ampere-turns required for any por- 
tion of a magnetic circuit, if its length and specific 
magnetizing force are given. 


State an approximate rule, used in preliminary calcula- 
tions, for finding the ampere-turns required foe com. 
pensating armature reaction. 


Inspect closely the magnetizing curves of annealed 
wrought iron and ordinary cast iron (Fig. 27, Instruc- 
tion Book), noting three or four characteristic points 
on each curve, and then plot these curves by locating 
the points so noted in a roughly drawn co-ordinate sys- 
tem and connecting the same by free hand. 


What is the specific magnetizing force for soft cast steei 
at a density of 55,000 lines per square inch? 


Give the specific magnetizing force of annealed wrought 
iron, if its density is 106,000 lines per square inch. 


From Table 26, Instruction Book, determine the ampere- 
turns required for 25 inches of soft cast steel, if the 
density is 92,500 lines per square inch. 


State the influence of the armature current upon the mag- 
netic field. 


Give formula for the demagnetizing number of ampere- 
turns of a smooth armature. 


How can the angle of field distortion be approximately 
determined in case of a smooth armature? 
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290. 


291. 


295. 


296. 


29%. 


How must the formula referred to in Question 2838 ke 
modified in case of a toothed armature? 


What correction is necessary to apply the formula of 
Question 288 to a perforated armature? 


State the average formula for the total number of compen- 
sating ampere-turns in case of wrought iron or cast 
stezl polepieces. 


Give the average formula for the total number of com- 
pensating ampere-turns in case of cast iron polepieces. 


Determine the magnetizing force required for the bipolar 
smooth armature machine shown in answer to Question 
259, provided that the internal diameter of the arma- 
ture discs is 3 inches. 


The magnet frame of a bipolar dynamo is composed of 
wrought iron cores and yoke, and cast iron polepieces; 
the diameter of the cores is 142 inches; the cross-section 
of the yoke is equal to that of the cores; the section of 
the polepieces is 408 square inches, that of the armature 
core is !70 square inches, and the gap area is 440 square 
inches; the length of the magnetic circuit in the cores 
and yoke is 80 inches, in the polepieces 28} inches, in 
the armature 124 inches, and in the air gaps 14 inches; 
the armature flux is 11,000,000 lines; the factor of 
leakage is 1.3; the armature is wound with 50 turns; 
current output, 480 amperes; polar embrace, 75 per 
cent. Compute the exciting power required. 


Find the number of ampere-turns required to excite the 
machine shown in answer to Question 260, assuming 
the density in the tc eth to be 100,000 lines per square 
inch, and the density in the solid portion of the arma- 
ture core, 85,000 lines per square inch. 


Assuming the machine given in Question 266 to be 
wound with 336 armature turns and having a current 
output of 600 amperes, what will be the exciting power 
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required? Determine the flux densities in the air gaps. 
and in the tooth-section for the dimensions shown in 
answer to Question 26% ; to find the former, add 50 
per cent. to the gap density at the pole faces to allow 
for concentration of the lines due to the teeth; and to 
obtain the latter, divide the armature flux by the tooth- 
section at the root of the teeth. 


298. A 16-pole ring-type generator for 540 volts and 3,700 am- 
peres has the following dimensions: External diameter 
of armature core, 144 inches; internal diameter, 124 
inches; length, 31 inches; actual length occupied by 
the discs, 264 inches; number of slots, 336; width of 
slots, 14 inch; depth of slots, 3 inches; winding, 6 
turns of armature conductor per slot; magnet frame, 
cast steel; cores, rectangular, 25 xX 13 inches in cross- 
section, 16 inches long; yoke, 191 inches in’ diameter, 
32 inches wide, 5 inches thick; pole plates, 32 inches 
long, 20 inches wide, 14 inches thick in center, embrac- 
ing anyles of 16° each; bore of polepieces, 144 inches. 
The armature flux required to produce the rated output 
is 190,000,000 lines; leakage factor, 1.15. Calculate 
the ampere-turus necessary for the excitation of this 
machine, if the average flux density in the air gap is 
50 per cent. in excess of the density at the pole faces, 
and if the mean length of the path in the air gap is 50 
per cent. greater than the distance between pole face 
and armature. 


299. Determine the magnetizing force required for a 10 pole 
dynamo from the following data: Type: radial inner- 
pole or star type, having cores supported radially from 
a central yoke in the form of a star. Materzal: cores 
and polepieces, wrought iron; yoke, cast iron. Arma- 
ture: external core diameter, 120 inches; internal core 
diameter, 1093 inches; length, 20 inches; winding, 
1,700 turns of rectangular copper bar. Magnet frame: 
diameter of polepiece circle, 107 inches; thickness at 
center of pole shoes, 3} inches; polar embrace, 80 per 
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cent.; magnet cores, rectangular cross-section, 12 inches 
thick, 19 inches wide, 164 inches long; yoke, hollow 
decagonal prism, internal diameter 45 inches, length 23 
inches, radial depth 11 inches. Current output, 1,400 
amperes; armature flux, 90,000,000 webers; leakage 
factor, 1.2. Allow 25 per cent. in length of air gap for 
distortion of lines. 


300. Find the ampere-turns required for a 6-pole ring-type 
2,500-ampere generator, the following data being given: 
External diameter of armature, 96 inches; internal 
diameter, 60 inches; length, 34 inches; length actually 
occupied by iron discs, 28} inches; number of slots, 264; 
size of slots, 22 X 3% Inch; winding, 2 conductors per 
slot, connected in drum fashion (by means of formed 
face connectors at end surfaces of armature core); 
magnet cores, wrought iron, 30# inches in diameter, 20 
inches long, provided with wrought iron pole shoes, 
34 X 34 X 24 inches; yoke, cast steel, 161 inches in 
diameter, 38 inches wide, 10 inches deep; bore of pole- 
pieces, 967 inches; armature flux, 170,000,000 lines; 
factor of leakage, 1.18. Assume average gap density 
to be 14 times the density at pole faces, and take length 
of air space 1} times the actual gap distance. 


Printed in U.B. A, 


THE DESIGN OF DIRECT-CURRENT 


301. 


302. 
303. 
304. 


305. 
306. 


307. 
308. 


309. 
310. 


311. 


312. 


313. 
314. 


DYNAMOS AND MOTORS 


Name the four methods of winding magnets for direct- 
current dynamos and motors. 


How are constant-current arc-light generators excited? 
How are the magnet coils of railway motors arranged? 


How may direct-connected or geared motors be wound if 
they are intended for fairly constant load? 


What winding is used for variable-speed motors? 


What method of excitation is employed for constant-spee 
motors with variable load? 


How are constant-voltage generators wound? 
How must motors be wound if a strong starting torque is 
required? 
What winding is used for constant-potential generators 
«driven by power of widely varying speed? 


What winding should be employed for motors required te 
run with constant spood at varying load? 


One of two similar magnet cores is wound with 250 turns 
of wire and excited by a current of 15 amperes; the 
other is wound with 5,000 turns and excited by a cur- 
rent of ¢ of an ampere; which is the stronger magnet? 


How does differential winding differ from ordinary com- 
pound winding? 


Give formula for the number of turns of a series winding. 


State rule for proportioning the size of wire for a series 
winding. 
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315. 


323. 


324. 


325. 


526. 


What sizes of wire are usually employed for the magnet 
winding of series are-lighting machines? 


Give the values of the specific cooling surface to be al- 
lowed for temperature rises of 20°, 30°, and 40° C., re- 
spectively. 


Upon what facts is the calculation of the size of wire for 
a shunt winding based? 


Give the formula for the approximate warm resistance of 
a copper wire of given length and diameter. 


Why does the number of ampere-turns of a shunt magnet 
remain the same, irrespective of the number of turns, 
as long as the same size of wire is employed? 


What formula is used for calculating the cross-section of 
a shunt wire? Explain the symbols employed. 


How is the resistance of the field regulator of a shunt ma- 
chine taken into account in determining the size of the 
magnet wire? 


How does the shunt-voltage, entering the formula referred 
to in Question 320, compare with the output voltage 
of a multipolar machine in which all field coils are con- 
nected in series? 


How is the voltage between terminals of shunt winding 
determined from the output voltage, in case the field 
coils are connected in groups? 


Give the value of the shunt voltage for a 500-volt, 8-pole 
ring type generator if its magnet winding is arranged 
in 2 groups of 4 coils each, allowing 12 per cent. of the 
voltage for overcoming regulator resistance. 


What would be the shunt voltage, if all the coils of the 
machine referred to in the preceding question were 
connected in parallel? 


The size of the shunt wire for a machine having been de- 
termined by means of formula (49), Instruction Book, 
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what will be the consequence of employing too small a 
number of turns of this wire? 


32%. Give formula for the permissible power loss corresponding 
to a given temperature increase of a magnet. 


328. What is the formula for the shunt current which causes a 
prescribed rise of temperature in a magnet of given 
size? 


3229. Express the maximum shunt current in case the tem pera- 
ture increase is limited to 50° C. 


330. From Table 2%, Instruction Book, find the approximate 
winding height of a cylindrical magnet, 9” in diameter, 
when used for a multipolar machine. 


331. What is the approximate depth of winding on a 24” by 
43” rectangular core for a bipolar machine? 


332. Compute the approximate length of the mean turn on a 
bipolar magnet 20 inches in diameter. 


3335. Find the approximate average length of turn on a 6}" by 
| 17” multipolar magnet. 


334. Determine the cooling surface of a bipolar magnet, 12’\in 
diameter and 18” long, taking the external surface and 
both end surfaces of the coil. 


335. Figure the cooling surface of a multipolar rectangular 
magnet, 44’ by 12” in cross-section, 6” long, including 
but one of its end surfaces into the cooling surface. 


336. Required the cooling surface of an oval magnet whose 
cross-section consists of a 4-inch square enclosed between 
two semi-circles, and whose length is 8 inches; the 
magnet is intended for a bipolar machine and only one 
of the end surfaces is to be taken into account for cool- 
ing. 


33%. The total number of ampere-turns required for normal 
load being given, how is the number of series ampere- 
turns of a compound dynamo found? 
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338. 


339. 


340. 


341. 


B43. 


344. 


345. 


346, 


Give approximate formula for the total E. M. F. of an 
ordinary compound dynamo. 


What is the formula for the approximate total E. M. F. 
of a 5 per cent. over-compounded dynamo? 


How is the cross-section of the series field wire of a com- 
pound dynamo determined ? 


In which case must the size of the series wire, obtained by 
the rule referred to in the preceding question, be in- 
creased? 


By means of Table 28, Instruction Book, determine the 
number of turns of No. 8 wire that can be put in each 
layer of a coil 124” long. | 


How many turns of No. 14 wire can be wound in a coil 
space 8?” long and 14” high? 


A magnet of 17” diameter is wound with 15,000 turns 
of No. 19 B. & S. wire to a height of 1% inches; find 
the bare and covered weight of the wire and its resist- 
ance at 20° C. 


Calculate a series winding for the machine given in Ques- 
tion 295 (Part 3), supposing that its armature is 
wound for 5,000 volts and 10 amperes, and assuming 
that the magnetizing force required for its excitation 
was obtained as 20,000 ampere-turns; the length of 
each magnet core is 22 inches; allow a wire cross-sec- 
tion of 1,650 circular mils per ampere. 


The machine considered in Question 295 is to be shunt- 
wound for an output of 125 volts and 480 amperes; the 
winding to be calculated for a magnetizing force of 
20,000 ampere-turns and a temperature increase of 20° 
C.; depth of magnet winding 1} inches; allow a drop 
of 15 per cent. for regulating resistance, and take as 
cooling surface the cylindrical portion of the magnets 
only. 
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347. 


348. 


349. 


350. 


Compute the winding in case it is desired to over-com- 


pound the machine given in the preceding example for 
a line loss of 6 per cent.; both the series and the shunt 
coils to be connected in series; limit of temperature 
rise, 25°C.; data for magnetic circuit given in Question 
295; speed, 700 revolutions per minute; the armature 
is drum-wound and has a resistance of .01 ohm. 


Calculate a shunt winding for the 2,000 K. W. railway 


generator given in Question 298; temperature rise, 
30° C.; percentage of E. M. F. absorbed by regulating 
resistance, 10 per cent.; all magnet coils connected in 
series; exciting power required, 33,000 ampere turns. 


The machine of the preceding example is to be over com- 


pounded for a loss of 5 per cent ; temperature increase, 
35° C.; all the series coils to be connected in parallel, all 
shunt coils in series; dimensions of machine and mag- 
netic data same as in Question. 298; speed, 70 revo- 
lutions per minute; number’ of armature conductors, 
2,016; armature resistance, .002 ohm. 


A four-pole 25-K.W. direct-driven 150-volt generator is 


designed as fvullows: Armature, smooth ring. 27” ex- 
ternal diameter, 194” internal diameter, 12?” long; 
winding, 14+ coils of 5 turns each; resistance, .036 ohm; 
length of magnetic path in armature core, 15”. Yoke, 
cast iron, octagonal shape, 54” across flats; width, 114”; 
radial thickness, 6’; length per magnetic circuit, 33". 
Magnets, cast steel ; diameter, 9”; length, 52”. Pole- 
pteces, cast steel ; bore, 284’; pole angle, 63°. Speed, 
800 revolutions per minute; factor of magnetic leakage, 
1.3. Compute a shunt winding for a 40° C. rise, al- 
lowing 15 per cent. of output EK. M. F. for shunt regu- 
lator, and taking as cooling area of the coils their cylin- 
drical surface and one end surface. The four shunt: 
coils to be connected in series. 


351. Required a 5 per cent. over compound winding for the 


inachine given in the preceding question. Tempera-. 
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352. 


353. 


354. 
355. 
356. 
35%. 


358. 


359. 


360. 


361. 


362. 


363. 


ture rise, 45° C.; all coils of both series and shunt wind- 
ing to be connected in series. 


Assuming that the magnetizing force required for the 
generator given in Question 300 was found to be 
42.000 ampere-turns, determine a shunt -winding for a 
temperature increase of 30° C., allowing 10 per cent. of 
the terminal E. M. F., which is 600 volts, for regu- 
lating resistance; coils connected in series. 


From the data given for a 1,500 K. W. railway generator 
in Question 300, compute a compound winding for a 
rise of 25° C., provided that the speed is 250 revolutions 
per minute and the armature resistance .00240ohm. The — 
series coils to be connected in two groups and the shunt 
coils in three groups. 


Define electrical efficiency. 
Define commercial efficiency. 
Define gross efficiency. 


Give the general formula for the electrical efficiency of a 
generator. 


State the general formula for the electrical efficiency of a 
motor. 


By what formula is the electrical efficiency of a series- 
wound generator calculated? 


Give formula for the electrical efficiency of a shunt-wound 
generator. : 


Give formula for the electrical efficiency of a compound- 
wound generator. 


How do the efficiency formulas for a motor differ from 
the corresponding formulas for a generator? 


Express the armature current of a shunt or compound- 
wound generator, and that of a shunt or compound- 
wound motor, in terms of the terminal and shunt cur- 
rents. 
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364. State the usual limits of the electrical efficiency of modern 
machines. 


365. Define the intake and output of dynamo-electric ma- 
chines. : 


366. Give the general formula for the commercial efficiency of 
a generator. 


367. Give the general formula for the commercial efficiency of 
a motor. 


368. Give the formula for the commercial efficiency of a com- 
pound wound generator. 


369. Give the formula for the commercial efficiency of a 
- shunt-wound motor. 


370. By means of Table 29, Instruction Book, find the ap- 
proximate power-loss by friction in a 35 K.W. dynamo. 


371. Between what limits does the commercial efficiency of 
modern machines usually range? 


372. Upon what does the commercial efficiency of a dynamo 
depend? 


373. Give formula for the commercial efficiency of a belt- 
driven generator, if the data for computing the me- 
chanical power transmitted by its belt are known. 


374. State the average percentage of power loss in a horizontal 


dynamo belt. 

375. How is the gross efficiency of a dynamo-electric machine 
obtained ? 

376. Give the practical limits of the gross efficiency of modern 
dynamos. 


37%. Define the weight-efficiency of a dynamo. 
378. What does a high weight-efficiency indicate? 


379. Give the usual limits of the weight-efficiency for low, 
medium, and high-speed dynamos, respectively. 
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380. 


381. 


382. 


385. 


384. 


385. 


386. 


387%. 


388. 


389. 


State the weights per cubic inch of wrought iron, cast 
iron, copper, and brass. 


Give the average percentage by which the weight of the 

_principal parts (magnet frame, armature windings, 

bearings and bed, or brackets) of a high-voltage ma- 
chine must be increased to allow for accessory parts. 


By what average percentage must the weight of the prin- 
cipal parts of a low-voltage machine be increased to 
obtain its total weight? 


Name an approximate method for computing the weight 
of a toothed armature. 


Describe the accurate method of calculating the weight of 
a toothed armature core. 


Compute the electrical efficiency of a series-wound 25 arc- 
light generator (1,250 volts, 10 amperes), whose arma- 
ture resistance (warm) is 5 ohms, and whose field re- 
sistance is 6 ohms. 


A shunt-wound 150-K.W. 250-volt generator has an ar- 


mature resistance of .01 ohm, a field resistance of 42 — 


ohms, and a regulator resistance, at normal output, of 
8 ohms; determine its electrical efficiency. — 


Find the electrical efficiency of a compound-wound, 125- 
volt, 500-watt generator, if its armature resistance is 3 
ohms, its series field resistance 1.5 ohms, and its shunt 
resistance 312 ohms. 


What is the electrical efficiency of a 4} H.P. series motor, 
taking 4 amperes at 125 volts, if its armature has a re- 
sistance of 4.3 ohms and its field a resistance of 1.2 
ohms? 


Calculate the electrical efficiency of a shunt-wound 500- 
volt motor which takes 12 amperes and has an arma- 
ture resistance of 2.65 ohms, and a magnet resistance 
of 943 ohms. 
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390. Tho armature resistance of a compound-wound motor is 
.085 ohm, its series field resistance .025 ohm, and its 
shunt resistance 88 ohms; the motor consumes a current 
of 80 amperes on a 220-volt circuit; find its electrical 
efficiency. 


391. Find the commercial efficiency of the arc-light generator 
of Question 385, if it has a hysteresis loss of 275 
watts, and an eddy current loss of 50 watts. 


292. Required the commercial efficiency of the 150 K.W. shunt 
dynamo given in Question 386; its hysteresis loss is 
1,100 watts and its eddy current loss is 130 watts. 


393. The power absorbed by hysteresis and eddy currents in 
the 500-watt compound-wound generator referred to in 
Question 38% is 13 watts; what is its commercial effi- 
ciency? , 


394. The4H.P. series motor of Question 388 has a total iron 
loss of 12 watts; determine its commercial efficiency. 


3295. Compute the commercial efficiency of the shunt motor re- 
ferred to in Question 389, if its iron losses are known 
to be 60 watts. 


396. What is the commercial efficiency of the compound-wound 
motor described in Question 390, if its hysteresis loss 
is 200 watts and its eddy current loss is 50 watts? 


397. Find the commercial efficiency of a 75 H.P. motor from 
the following test: E. M. F. of supply circuit, 440 
volts; current taken by motor, 140 amperes; speed of 
motor, 750 revolutions per minute; pulley diameter, 21 
inches; belt tension, tight side, 950 pounds; slack side, 
350 pounds. 


398. Compute the commercial efficiency of the generator given 
in Questions 386 and 392, including the loss in belt- 
ing, if it is driven by a vertical belt. Use the average 
of the respective percentages given in Table 30, 
Instruction Book. 
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SYMBOLS USED IN ALTERNATOR DESIGN. 


In this Book on The Design of Alternating Generators and 
Synchronous Motors, the symbols here given are used in 
the following significations. It must be remembered, that 
the symbols and their respective significations are not 
standard, but have met with general approval and ac- 


ceptance. 
A, = Field ampere turns. 
Bas = Field ampere turns corresponding to the normal arma- 


ture back ampere turns on short circuit. 


A, Normal armature back ampere turns. 
a Pole are. 

Ba Magnetic density in armature core. 
B, - Magnetic density in pole core. 

B 


\“agnetie density in teeth. 
..rmature phase current. 

J ine current. 

Cc Current in the field winding. 

Cp Phase current. 

= Pole shoe height. | 

= Jnaternal diameter of the armature. 
= External diameter of the magnet wheel. 
= External diameter of the armature. 

= Pole core height. 

= Value of air gap. 


x = Magnetie density in wheel rim. 


o 


Line voltage. 
E. M. F. on the armature phase winding. 
Phase voltage. . 
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Voltage on the field terminals, 
Ifficieney. 

Flux in the field system. 

Klux in the armature system. 
Length of the pole core. 

Size factor or output coefficient. 
Length of the wheel rim. 
Height of the wheel rim. 

Slot depth. 

Armature core height. 

Short circuit constant. 

Kilovolt amperes. 

Kilowatts. 

Nength of the armature core. 
Projecting out part of the winding. 
Length of mean armature turn. | 
Length of mean field turn. 
Number of ventilating ducts. 
Magnetomotive force. 

Number of phases. 

Permeability. 

Number of revolutions per minute. 


Number of cycles, periodicity or frequency. 


Slot pitch. 

Cooling surface of the field coils. 
Cooling surface of the armature. 
Number of pole pairs. 


Sectional area of armature conductor, 


Sectional area of field conductor. 
Tooth thickness. 

Air gap reluctance. 

Neluetanee of field leakage path. 


Reluctance of armature leakage path. 


Total resistance of field coils. 
Total armature resistance, 
Leakage factor. 
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' ctal number of slots. 

Pole pitch. | 

Temperature rise in field coils. 

Temperature rise in the armature. 

Power factor. 

Hysteresis loss in watts per lb. of iron. 

Eddy current loss in watts per lb. of iron. 

Watt losses in armature winding (copper losses). 
Watt losses in armature core (iron losses). 


= Watt losses in the teeth (iron losses). 


Watt losses in the field winding (copper losses). 
Watt losses due to friction and ventilation. 
Peripheral speed. 

Number of conductors per armature phase. 
Number of turns per pole. 

Specifie resistance of copper. 


Norr.—The numerical calculations in this Book have in nearly 
all cases been carried out by means of the slide rule. 
Students should, therefore, make due allowance for slight 


in 


- apparent discrepancies in the results of calculations given 


the Book. 
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CONVERSION TABLE OF ENGLISH UNITS 
TO METRIC UNITS. 


Measures of Length: 


1 inch = 2.54 centimeters. 
1 foot = 30.48 PA 


Measures of Surface: 


1 square inch = 6,45 square centimeters. 

foe £00t =) 929 os oo 
Measures of Capacity: 

1 eubie inch = 16.38 cubic centimeters, 

fom 100t, = 28316  “ ns 


Measures of Weight: 


1 pound = 0.453 kilogram. 
1 hundredweight — 50.8 kilograms. 
1 ton, 2240 lbs., = 1016.04 kilograms. 


Measures of Temperature: 


9 degrees Fahrenheit — 5 degrees C. 
Temperature Fahrenheit = %C° + 32. 


VARIOUS CONSTANTS. 


Weight of Materials: 


Copper weighs 0.32 lb. per cubic inch; or 8.86 kg. per cubic 
decimeter. 

Wrought iron weighs 0.28 Ib. per cubic inch; or 7.75 kg. per 
cubie decimeter. 3 
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Specific Ohmic Resistance of Copper: 
At a temperature of 135°F. = 57°C.: 


8/107 ohm for 1 inch length and 1 square inch section; 
O08 Se re Saag ‘““ 1 ‘* millimeter section, . 


Peripheral Speed: 
1,000 feet per minute = 5,08 meter per second. 


Specific Pressure: 
1 lb. per square inch = 0.07 kg. per square centimeter. 


Power and Energy Units: 
1 English horsepower = 746 wate. 
1 Metric ss se Tae 2 
1 foot pound = 0.138 kilogrammeter. 


THE DESIGN OF ALTERNATING 
GENERATORS AND SYNCHRONOUS 
MOTORS. 


1. Duties of the Designer.—tThe duty of the designer is to 
provide in his design all the desirable elements of an 
alternator for the minimum manufacturing cost. The 
work of a designer seldom exceeds the calculation of mag- 
netic and electrical data of the machine. For the mechan- 
ical design he has the assistance of the drawing office 
staff; the workshop staff looks after the manufacturing, 
and, finally, the checking of the design is carried out in 
the test room. The satisfactory and economical work of 
all these departments is based on the requirements of the 
machine designer; therefore, he must: be conversant with 
mechanical construction, the general workshop methods 
of economical production and be able to read the test 
data and make his deductions therefrom. With further 
experience and knowledge obtained from past designs he 
-will be able to meet all the requirements of machinery 
users as well as the manufacturer. Roy 


2. Types of Alternators.—Alternating current practice has 
developed two classes of alternators, namely: (1) the 
separately excited alternator, which was until recently in 
exclusive use; and (2) the self excited alternator, which 
has been brought out recently. 

‘The separately excited generator receives its magnetizing 
current from a continuous current supply, which in most 
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cases is an exciter directly coupled to the generator or 
driven by an external source. The excitation voltage 
seldom exceeds 250 volts. 

Fig. 1 indicates the connection diagram of a separately 
excited alternator. 


3. Separately Excited Alternators.—The main field cir- 
cuit is connected in the following manner. The two ends 
of the magnet coils B of the alternator A, Fig. 1, are con- 
nected to slip rings C, which receive the magnetizing 
eurrent through brushes connected to the terminals of 
the exciter D. Generally, the alternator field cireuit 
contains a regulating resistance R,, in order that the ex- 


Fie. 1.—CoNNECTION DIAGRAM OF SEPARATELY 
EXcITED ALTERNATOR. 


citation current may be varied, so as to obtain a constant 

pressure under varying loads at the generator terminals. 
For fine adjustment of the excitation, a second regulating 

resistance #, is placed in the exciter field circuit E. 


4. Self Excited Alternators.—The self excited generator 
requires no exciter, the current being taken directly 
from the alternator terminals, after passing through a 
suitable number of brushes, to a commutator C, Fig. 2. 
This commutator, of special design, takes the place of the 
slip rings, and its segments are connected to the circuits 
of the magnet winding B. 
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As the voltage of the excitation current should not exceed 
about 50 volts, a pressure transformer 7, TJ, is often 
applied, as indicated in Fig. 2, which gives the con- 
nections of a self excited generator. 


5. The Classification of Alternators.—The arrangement 
of the armature and field system leads to a further classi- 
fication of alternators, namely: (1) Revolving Armature 
type; (2) Inductor type; and (3) Revolving Field type. 
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Fie. 2.—CoNNECTION DIAGRAM OF SELF ExcIrED ALTERNATOR. 


6. Revolving Armature Alternator.—The revolving 
armature alternator has been developed from. the con- 
tinuous current dynamo; slip rings which are two, three 
or four in number, according to the number of phases, 
replace the commutator. 

To obtain a single phase current, the closed armature winding 
is tapped at two points, which are 180 degrees apart on 
its circumference; for a two phase current, at four points, 
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with a displacement of 90 degrees to each other; and for 
a three phase current at three points 120 degrees apart. 


7. Limit of Use.—The use of this type of generator is limited 
to low voltages and comparatively low speeds, and in cases 
where it is directly connected with a prime mover, in 
which a flywheel effect is not necessary in the revolving 
part of the generator. 

For high voltage machines, the insulation of the coils is one 
of the leading features of design. It is inherent to the 
nature of good insulation, that it cannot be subjected to 
mechanical stresses of any importanee. This difficulty is 
evidently overcome in the easiest and most reliable way, 
by making the armature stationary, as is the case in the 
other types. 

The revolving armature is only applied to low voltage and 
medium speed generators of, say, up to 100 K.W. This 
principle is also largely applied to rotary converters of 
various sizes. 


8. Inductor Type Alternator.—tThe principal feature of 
the inductor alternator is the entire absence of any re- 
volving winding and sliding contacts, as both excitation 
and armature terminals are fixed on the iron frame. A 
single stationary coil provides the necessary magneto- 
motive force for the magnetic eireuit of the machine. 

The magnet wheel of cast iron, or the cast steel spider with 
the necessary number of pole projections, is generally fitted 
with laminated pole shoes. 

The armature frame is made of cast iron of ample cross 
section, to guard against any sag due to the weight or 
magnetic pull. This frame carries the field iron stamp- 
ings, which form the magnetie path. Slots are stamped 
out on the inner periphery of the sheet iron, to take the 
armature coils. 
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9. Limit of Use.—'This type of machine has not been used to 
any great extent, on account of the electrical and magnetic 
“isadvantages, due to the high leakage coefficient of the 
magnet system. This loss, however, can be greatly de- 
creased in high speed generators by reducing the number 
of poles. Besides mechanical advantages, the inductor type 
alternator gives somewhat better efficiency than the other 
types and its application can be recommended for small 

- eutputs, high speeds and low frequencies. 
Pig. 3 gives the general arrangement of an inductor generator 
in cross section and side view. 


. , 
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j 
Fie. 3.—Inpuctor TyrPpE ALTERNATOR. 


10. Revolving Field Alternator.—The revolving field type 
machine is characterized by having a stationary armature 
and a revolving magnet wheel, to which the poles are 
attached by means of strong bolts or similar attachments. 
Fig. 4 represents a revolving field type generator in cross 
section and side view; Fig. 4A shows a similar type of 
machine in perspective. This class of alternator is seldom 
built for smaller outputs than, say, 10 K. W., because, for 
smaller outputs this type presents mechanical and com- 

mercial difficulties in finding room for the field coils. 


2. Limit of Use.—The revolving field generator is especially 
suitable for heavy work and high voltages in connection 
with any kind of prime mover, but its real value will be 
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appreciated when several alternators are working in 
parallel. 


Fie, 4A.—REVOLVING FIELD TyPpE ALTERNATOR WITH DIRECT 
CUNNECTED EXCITER. 
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If necessary, the field magnet wheel can essentially con- 
tribute to the flywheel power of the combined engine and 
alternator set in connection with steam engines, gas 
engines or other prime movers. The revolving field type 
machine is almost universally adopted in modern practice. 


12. Characteristics and Efficiencies.—Reasonable work- 
ing conditions of an alternator only will enable the manu- 
facturer to turn out a good commercial machine, which 
will satisfy the station engineer. These conditions have 
been arrived at through recent experience, and for 
standard alternators they can be termed as follows. 


138. Commercial Efficiencies.—Table 1 indicates the com- 
- mercial efficiencies of different sizes of polyphase gen- 
erators for full and half loads. 


. TABLE 1.—EFFICIENCIES OF POLYPHASE 


ALTERNATORS. 
Average Commercial Efficiency. 
Output of Alternator. 
At Full Load, At Half Load. 
5 KVA, .85 .80 
| .86 .82 
Sy .88 , 84 
oo .90 .85 
1p0% =‘ 91 .86 
200.5% .92 87 
S007 .** .93 .88 
500 =* .94 .90 
Toe <<" .95 91 
1,000 ‘* .96 .92 


The efficiencies of single phase machines given in Table 2, 
are slightly lower than those of the corresponding poly- 
phase generators. 
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TABLE 2.—EFFICIENCIES OF SINGLE PHASE 


ALTERNATORS. 
‘ oa 
Average Commercial Efficiency. 
Output of Alternator. 
At Full Load. At Half Load, 
5 KVA. .83 75 
10 re .85 .80 
25 = . 86 .81 
os .88 82 
100 sf .89 .83 
200) 0c? .90 . 84 
po 91 . 85 
500 = -93 .87 
750 ‘ 94 .89 
Tue, 95 91 


\ 


14. Voltage Drop.—tThe voltage drop on alternators at full 
load should be, on an average, about 


7%, with a power factor, cos P 
22%, with a power factor, cos P 
26%, with a power factor, cos P 


= 104 : 
= 0.8; 
== 0:8. 


This is shown graphically in Fig. 5, eurve B. 
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Fie. 5.—AVERAGE VALUES OF VOLTAGE Drop FOR DIFFERENT 


POWER FACTORS. 
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15. 


16. 


1%, 


18. 


19. 


The voltage drop is specified as the alteration or decrease, 
as the case may be, of the armature pressure, when the full 
load is switched on the fully excited generator, speed and 
excitation remaining constant. 


Slots Per Pole.—To procure a practically sinusoidal 
wave form of the current, the application of six slots per 
pole will be found a good average figure. 


Temperature Rise.—The average rise of temperature 
above that of the surrounding air, of any part of the 
machine, should not exceed the following values after a 
run of six hours at full load: The armature winding, 
75°F. rise; the field coils, 65°F. rise. On all other parts 

_ of the machine, the permissible temperature rise is 75°F., 
all temperatures to be measured by means of a ther- 
mometer. 


Short Circuit Current.—The alternator should not have 
a greater short circuit current than about three times the 
normal current, when the excitation corresponds to the 
normal open circuit voltage for the normal speed. For 
the definition of short circuit current see Pars. 117 
and 118. 


Insulation Test.—The insulation of the armature coils 
should be able to withstand double the normal voltage, and 
the field coils five times the normal voltage, for five 
minutes. 


Space.—As regards mechanical features, the generator 
should take up as small a space as possible, the construc- 
tion should be rigid and must offer every facility for 
repairs and give assurance against accident. 


Effect of Altering the Design.—Supposing that the 
design of a generator is in every respect satisfactory and 
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is also in accordance with a certain specification, any de- 
parture from the above mentioned conditions in one or 
the other way has the following effects: 


21. Increase of Efficiency.—A higher efficiency than that 
stated in Tables 1 and 2 offers to the station engineer 
a generator which is more economical in working, but 
it necessitates the manufacturer producing a more expen- 
sive machine. Taking into consideration a perfect design, 
an inexpensive inerease in efficiency can only be obtained 
by the choice of good material for the iron core and 
copper winding. For the different items of efficiency eal- 
culation see Par. 78. 


22. Decreased Voltage Drop.—aA smaller voltage drop than 
that given in Par. 14 seems a desirable feature to the 
station engineer, as it insures better regulation on the 
light and power circuit and reduces the attendant’s work, 
but on the other hand a lower voltage drop may cause 
trouble when alternators are running in parallel, or when 
a short cireuit accidentally oeceurs. The manufacturer, 
in order to produce any decrease of the voltage drop, has 
to increase the weight of material in the machine, which 
of course increases the cost of the generator. 


23. Increase of Slots.—Tie experience of the station engineer 
has generally proved, that it is most advantageous to 
have a generator with an EK. M.F. of a nearly sinusoidal 
wave form. It helps the parallel running of alternators, 
the switching of same on the cireuit and improves the 
running of motors from a ecireuit so supplied. The more 
armature slots a generator has, the nearer will be the 
wave form of the E. M. F. to the sine curve, but this ad- 
vantage can be obtained only at an increase in manu- 
facturing cost. 

A generator with many slots will be larger than one with 
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a smaller number, because: (1) the value of the E. M. F. 
factor is in inverse relation to the number of slots; (2) an 
increased number of slots means the application of more 
insulation material, thus a loss of winding space; and 
(3) it implies the use of several sizes and forms of coils 
which necessitate the manufacture and stocking of dif- 
ferent sizes of formers. 


24. Decreased Temperature Rise.—The specifications of 
the permissible temperature rise, insures the long life 
of the machine and prevention of breax downs originated 
by excessive heating. The necessary data is based on the 
quality of insulation materials used in modern practice. 
The station engineer prefers, of course, to take a machine 
with a temperature rise as low as possible, consistent with 
the price, which of course means a larger alternator. 
This, from the manufacturer’s point of view, is unreason- 
able, especially when all modern means of cooling and 
ventilation have been applied in the construction of the 
properly designed machine. 


25. Increased Short Cireuit Current.—A greater short 
circuit current than three times the normal is usually econ- 
sidered an unnecessary evil, because, as already mentioned, 
it may injure the generator. 

First of all, in case of an accidental short circuit, the exees- 
sive current may burn out the armature winding, which 
is naturally dimensioned for the normal current only. 
Secondly, it will cause the occurrence of heavy surging 
currents through the armatures of alternators running 
in parallel. 

A generator with a large short cireuit current is expensive 
and demands the use of an excessive amount of. field: 
copper. 


26. Increased Insulation.—A higher safety factor of insula- 
tion to withstand a test greater than that given in Par. 
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18, means the waste of precious winding space, which 
would be taken up by unnecessary insulation material. 
The greater the space, in percentage of the whole machine 
body, occupied by the active material, the more efficient 

and economical will be the machine. 
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Fie. 6.—REVOLVING FIELD TyPpE, 50 CycLE, PoLYPHASE 
ALTERNATOR OF EUROPEAN DESIGN. (See Table 3.) 


TABLE 3.—DIMENSIONS Gr REVOLVING FIELD TYPE, 50 
CYCLES, POLYPHASE ALTERNATORS. (SEE FIG. 6.) 


KVA. np, Welent A B C D K F G H J 
45 | 1,000 | 4,000 | 623”| 3937 | 178’ | 3437] 927 | 1237/18” |16” | 34” 
60 750 | 4,800/654 | 444 |172 |372 [11 |/14 |18 |18 |40 
80 750 5,400 | 68+ 444 18} 38 fed 16 194 18 40 
150 600 8.100 | 78 594 194 424 16 214 25 254 53 
} 200 500 | 11,000 | 82 594 18 44 [17° /234 |274 | 254 153 
. 275 430 | 14,900 | 99 79 || 202-1549 129 -]—~ fete 18 
350 430 | 19.100 | 99 rq 201 1544 |22 |— |— ° |37) 173 
550 375 | 28,200 | — 910° Pe Ree ae eee ee 
. 780 300 | 47,200 | — 123 — o7 —- — —_ —_ — 


2%. Dimensions of Generators. 


For general guidance, the 


accompanying Tables, 3, 3a and 4, when applied to Figs. 
6, 6a and 7 respectively, will give the overall dimensions 
of two lines of machines, one of European (Continental) 
and the other of. English-American make. 
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Fie. 6A.—InpuctTor Typx, 50 CrcLge, PoLYPHASE ALTERNATOR’ 
oF EuRoPpEAN Desien. (See Table 3a.) 


‘TABLE 3a._DIMENSIONS OF INDUCTOR TYPE, 50 CYCLES, 
POLYPHASE ALTERNATORS. (SEE FIG. 6a.) 


. | 
RVAd Bey eh 4 B G Poi eee Kode |. BE. Pe 
45 | 1,000 | 4,850; 657| 43” | 21” | 34” | 10% | 1137] 15377] 184”| 407 
65 | 1,000 | 6,400| 78 | 453 | 22 | 45 | 11 | 123 | 15h [20% | 40 
100 | 750] 9,300| 89 | 52 | 2G: | 49 | 134] 14 | 19$ |225 | 53 
130 | 600/14,100] 98 | 60 | 23¢ | 53 | 168 | 194 | 23$ | 26 | 55 
200 | 600 | 17,600 /104 | 604 | 30% | 56 | 174 | 214 | 234 | 265 -|-614 
275 | 600 | 21,800'115 | 67 | 314 | 61 | 228 | — | — |{33$ | 61 
325 | 500 | 31,100 |1174 | 8i} | 31¢ | 63% | 298 | — | — |3sk | 62h 
550 | 375 |52,800)150 | 93 | 33 | 86s | 305 | — | — [41s | — 
| 800 | 300 | 84,700 /156 | 98 | 36) | 86} | 33h | — | — |44 | — 


28. Choice of Materials.—The first consideration of the 
designer has to be directed toward the choice of the dif- 
ferent materials, and, secondly, to the constructional 
details with regard to manufacturing expenses, repairs, 
interchangeability facilities, erection and transportation 
conditions. 

In the following paragraphs the different parts of a revolv- 
ing field type alternator will be discussed. 


THE ARMATURE. 


29. The Armature.—tThe armature of a high speed or medium 
speed generator of average size has comparatively mod- 
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erate dimensions, and a cast iron frame or carcase of ample 

cross section has the necessary rigidity in itself to bear 
its own and the weight of the armature core, so with- 

standing any possible one-sided magnetic pull, due to an 

eccentric position of the magnet wheel inside the station- 

ary armature. 
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Fie. 7.—Revorvinc ARMATURE TYPE, 60 CycLE, PoLYPHASE. 
ALTERNATOR OF ENGLISH-AMERICAN Design. (See Table 4.) 


TABLE 4.—DIMENSIONS OF REVOLVING ARMATURE TYPE, 60 


CYCLES, POLYPHASE ALTERNATORS. (SKE FIG. 7.) 


KVA.| REM.) VERB sy e | ef e M N oe 
50 | 900 4,100} 70147 | 292” | 12” | 18” | 463” | 233 | 4687 | 187 } 
75 | 720 | 7,660} 82% |362 | 15° | 25 55k || O72 | 5S 25 
120 | 720 |10,600| 914 |40¢ | 17 | 25 654 =| 34 644 | 25 
180 | 515 |13,800|}1002 | 424 | 25 | 35 T1Z | 35 72 35 
250 | 450 | 22,750 | 155 534 | 38 | 40 85% | 46 98 40 
400 | 400 | 41.000 | 162 584 | 50 | 45 | 109 |54 | 113 45 
600 | 327 |62,000}168$ |614 | 46 | 60 | 134 72 | 142 60 
750 | 327 | 82,000 | 190 704 | 66 | 60 | 147 794 | 142 60 


For an overall diameter not exceeding five feet, the cast 
iron frame is preferably cast in one piece and is pro- 
vided with the necessary ventilating holes. 

Armature frames with an overall diameter of above five fect 
are divided in two, four or more parts, according to the 
size, and are usually of box section, as shown in Fig. 8. 

For very large generators, the question of transportation 
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and packing as well as that of erection has specially to 
be taken into account, and accordingly the overall dimen- 
sions of the largest part, or the weight of the heaviest 
piece, will be in many eases limited, and such limits have 
therefore to be carefully considered by the designer. 


30. Method of Building.—Experience has shown that heavy 
castings are liable to alter their shape if machined in any 
other position than the final one. For upright machines, 
the frame is turned in a vertical position and all necessary 
care must be taken to avoid any alteration of the true 


Fig. 8.—SECTIONAL VIEW OF ARMATURE FRAME FOR 
LARGE ALTERNATORS. 


shape of the armature. If the shape is not true a mag- 
netic pull will take place due to the eccentricity. 

In placing the sheet stampings of the core into the cast 
iron frame of the armature, care must be taken that the 
latter is clamped down on an accurate floor plate, until 
the core is ready to receive the coils. This method pre- 
vents the armature from altering its true shape under the 
effect of the bolts which compress the core plates together. 

The stampings are of soft sheet iron or steel of the highest 
permeability, the choice of this material having an im- 
portant influence on the efficiency. The plates are about 
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0.02 inch in thickness and each sheet is insulated from 
its neighbor by paper or varnish, so as to minimize the 
eddy current losses. 


31. Windings.—tThe slots or holes on the inner periphery of 
the iron take the armature coils, which in case of open 
slots are wound on a wooden former to template, so as to 
insure interchangeability. 

In winding the coils each layer is covered with varnish; 
afterwards they are thoroughly dried to expel all moisture, 
in order to prevent any internal breakdown in the coil. 
This drying process can be advantageously performed by 
applying the short ecireuit eurrent for a few minutes, and 
repeating the performance several times. 


The coils are held in place by means of wooden or fibre 


wedges, 


32. The Core.—The armature core is generally built up of 
sheet iron, 0.01 to 0.02 inch in thickness, insulated with 
paper or varnish. 

The most reliable insulation material is paper of about 0.002 
inch in thickness, which can be cut in proper dise or 
segment form and stuck to the sheet iron, this work can 
be performed by means of a special machine. The pro- 
portion of the effective iron volume to the total volume 
of the armature core is about .85 to .90. 


oo. Method of Building.—In building the armature core, 
special care has to be taken in providing solid cheeks or 
end plates. In order to do this, stampings having a thick- 
ness of 0.1 inch are placed on the cheeks of the iron core, 
so as to give solidity to it, thus preventing the teeth of 
the thin sheet iron stampings from bending over under 
the pressure of the clamp rings or bolts. 

It should not be possible to drive the edge of a knife or 
finder between the stampings of a finished armature. 
The inner surface of the armature core need not be ma- 
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chined, because with proper care taken in stamping and 
piling the core sheets, a true smooth surface can be 
obtained. 

Regarding iron losses, it is an advantage not to have the 
inner periphery machined. 

Stampings of a diameter less than two feet can be made 
in one dise, but for larger sizes segments are used which 
are piled overlapping. As a rule the greater the number 
of segments used to form a complete ring, the better, 
as assembling is more difficult with large segments. 


34. Ventilation and Air Ducts of Armature Core.—To 
obtain a uniform temperature throughout the armature, 
as well as good ventilation, it has proved economical to 
use an air duct about every three to four inches, parallel 
to the laminations. - These air ducts should not be less 
than, say, 4 inch wide. The distance pieces should be 
so arranged as to provide free access for the air passing 
through the ducts. 

Thick iron end plates are applied in the ducts, $0 support 
the thin stampings, in a manner similar to that of the 
two outside cheeks, see Par. 33. 

In cooling an armature core with ventilating ducts, special 
care is required in order to keep the stampings in proper 
shape and not to distort the slots. 

In all cases it is advisable to note, that the winding space 
of the assembled armature core is less than that of a 
single slot of a stamping, but an additional 0.03 inch will 
make up for this difference. This point requires par- 
ticular attention, because a tight slot may cause con- 
siderable trouble and increase of labor, so that all advan- 

~ tages of the economy in winding space are soon made 
illusory. | 


35. Clamping and Piling.—It is a matter of importance, 
that the armature core should be piled up with exclusive 
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regard to the slots for the coils. The bolts used to hold 
the armature core during the piling and pressing should 
be somewhat smaller in size than the holes, but after this 
operation is completed, each bolt is replaced by another 
bolt which fits its hole tightly. The holes should be 
reamed out to provide for a tight fitting bolt. 

In the case of an armature divided into several parts, a 
perfect joint is essential between the adjoining surfaces 
of the armature core, and the designer should be earefu! 
to take into account the magnetie resistance between these 
core joints. The number of segments must be in aeccord- 
ance with the number of slots, as well as the number of 
partitions or ducts. If necessary. half segments can be 
applied in the design next to the joints. 


36. Form and Number of Slots.—The form and number 
of armature slots has not only an influence on the working 
or performance of the generator, but influences the choice 
of the insulating material, as well as that of the magnet 
poles. Generally, from the standpoint of electrical 
design, shallow and broad slots are favored, as they give 
smaller leakage, but for mechanical reasons the teeth 
should never be less than 0.1 ineh in width. 

The teeth must be kept tight by the thick end plates on the 
side faces, in order that they should not work loose 
and cause humming. Generally speaking, the ratio be- 
tween the depth and width of a slot should not exceed 3. 

The use of a closed or half closed hole implies the use of 
hand wound coils, or in low tension work, the application 
of copper bars. The application of closed holes means 
an increase in the cost of winding; but on the other hand 
it permits the employment of solid pole pieces, which is 
a great advantage, as explained in Par. 47. 


37. Open Slots.—With open slots the armature coils may be 
maehine wound, better insulated and easily exchanged. 
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For high tension alternators it is advisable to use open 
slots only and so far general practice approves the use 
of the open slot for all eases. 

The section of copper conductors and the choice of form 
is an important item, because upon it depends the econom- 
ical utilization of the winding space inside the slot. 

In works where standard stampings with certain slots are 
stocked, the designer is very often compelled to arrange 
the copper wires according to the slot form. It is often 
found advantageous to use two, three or more wires in 
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Fig. 9.—AVERAGE Stot Space Factor FoR Four DIFFERENT 
S1zEs oF ALTERNATORS. 


parallel, instead of a single thick wire, in order to fill the 
slot neatly. 


38. Space Factor.—Fig. 9 gives the average values of space 
factor for different voltages and sizes of machines. The 
space factor is defined as the ratio between the copper 
section inside the slot and the air section of the slot. 


39. Shape of Conductors.—For large current machines, the 
following conditions are to be taken into consideration 
in choosing the armature conductors: A conductor of 
large section is hable to produce eddy currents which 
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decrease the efficiency ; therefore it is better to use several 
parallel connected conductors. For this purpose special 
cables are very useful, as they can be pressed into the 
proper shape suitable for the slot. For high ténsion 
machines round wires are the most suitable. 


40. Insulation.—In alternating current designs where the 
| pressure ranges from the smallest value up to 20,000 volts 

or more, the question of insulation becomes a most im- — 

portant one. To secure good insulation between the arma- 

ture winding and the iron core, the coils are placed in the 

slots covered with a certain quantity and quality of in- 
sulating material according to the voltage of the machine, 

and the whole is again held in a fixed position by means of 

fibre or wood wedges, which prevent the coils from shifting. 


41. Quality of Insulation.—The material placed between 
the coils and iron core must have the following qualities: 

(a) Uniform and high insulating qualities, so that the 
thickness can be reduced to a minimum. 

(b) The variation in quality with the temperature to be a 
minimum, so that the temperature of the machine may be 
driven as high as possible. 

(c) It should not be affected by any mechanical treatment, 
but possess a high mechanical quality; for instance, it 
should be possible to bend it on a small curve’ without 
losing its good properties. 

(d) The material should not be ins epace but able to 
stand damp as well as dry air. a2 


42. Mica.—The insulating qualities'of mica have proved to be 
the best, but it has very little mechanical strength and is 
extremely brittle besides being expensive. 

For medium as well as for high tension machines, the usual’ 
material adopted is micanite, a flexible material which is 
made up of small sheets of mica pasted, pressed and 
baked together, with as little varnish as possible. The 
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curves, Fig. 10, indicate the different thicknesses of 
miecanite tubes and oil cloth required for different working 


pressures. 
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Fig. 10.—AVERAGE THICKNESSES OF SLOT INSULATION 
FOR DIFFERENT VOLTAGES. 


In laying out the curves of Fig. 10, the bending and pressing 
of the material inside the slot is allowed for and they 
give full safety against a testing pressure double that of 
the normal.. 


43. Other Materials.—Oil cloth, specially prepared for alter- 
nating current work, is a most suitable material for 
medium pressure, and it may be used together with press- 


TABLE 5.—-SAFE THICKNESSES OF PRESS-BOARD 
FOR DIFFERENT PRESSURES. 


Thickness in Pressure in Thickness in Pressure in 
Inches. Volts. luches. ‘Uils. 
01 igs .06 2,858 
02 400 07 8,650 
03 900 .O8 4,500 
04 1.500 09 5,500 
<06 2,100 .10 6,500 


board, or for high tension work with micanite. Press- 
board has very good mechanical qualities; it can be bent 
over curves of the smallest radius and its insulating quality 
against puncture is a good one, see Table 5. Fibre is a 
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good insulating material, but cannot stand medium or higu 
temperature, as it becomes soft at about 180 degrees Fahr. 


44. Insulation of Coils.—The coils when projecting out of 
the armature are wound in such a manner as to prevent. 
a breakdown between ‘any coil of one phase and any coil 
of another, or between any coil of any phase and the frame 
of the machine. For the first purpose, safe distances are 
to be kept between the end connections of the coils, which 
are taped over and varnished. ; 

In high tension machines it is essential to have a safe dis- 
tance between the live copper and the iron. As an addi- 
tional safeguard it is well to cover the iron opposite the 
eoils with cloth and varnish, for example, in a 6,000 volt 
machine a distance of about 2 inches between any two 
coils of two different phases and 2.5 inches between the 
well insulated copper windings and cloth covered iron, is 
to be provided. 


45. Insulation of Armature Conductors.—The proper 
insulation of the armature conductors also requires careful 
attention on part of the designer. It is best to cover 
conductors of large section. with oil linen, which ean be 
done on ordinary taping machines. For wires used in’ 


TABLE 6.—INSULATION THICKNESSES OF ROUND 
WIRES AS USED FOR LOW TENSION. 


One Cotton Covering and 


Double Cotton Covering. One Braiding 


.008 inch. .027 inch. 
[O10 ss .030 ** 
Bi Oh lobe t ae, 3 
re Os slams. 


medium or high pressure machines the insulation material 
adopted is cotton. For medium pressures the conductor 
receives a double or single covering and one braiding. 
Table 6 indicates the usual thicknesses of double. covering 
and braiding as used for low tension work. 
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For high tension, the triple covering of thicknesses as per 
Table ¥ has been found sufficient. 


TABLE 7.—INSULATION THICKNESSES OF ROUND 
WIRES AS USED FOR HIGH TENSION. 


Double Cotton Covering 


Triple Cotton Covering. and One Braiding 


.012 inch. .027 inch. 
ts ¢. ae Es | 6 Blin 
1020... ** ga. )** 
,0B8:  ** 036 


46. Arrangement of Conductors.—The arrangement of 
wires inside the slots is a matter of importance, and the 
proper arrangement and succession of the turns will add 
much to the safety against breakdown. Fig. 11 shows a 
slot with its high tension winding. The armature coil has 
been formed on a mould, taped over with cloth, 0.008 ineh 
in thickness and placed inside the slots, which are insulated 
from the armature coil by suitable material. 

In modern practice it is required that any defective coil 
may readily be taken out and replaced by a sound coil; 
that a defective coil can be temporarily cut out of cireuit 


Fie. 11.—Stor WIinpInG or ExtrRA HiGgu TENSION ALTERNATOR. 


and bridged over until repairs are possible; that any 
shifting of the coils shall be practically impossible, and 
that the potential difference between any two neighboring 
eoils of different phase shall be reduced to a minimum. 
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THE MAGNET SYSTEM. 


47. The Magnet System.—The magnet wheel consists of a. 

_ east iron or cast steel spider, with the pole pieces which are 

of solid steel all through, or with a solid magnet core but 

laminated pole shoes, or of laminated sheet iron all 
through. 

Cast steel poles can be used in connection with closed or 
half open slots, but laminated pole shoes are to be applied 
with an armature of open slots in order to reduce the eddy 
currents and losses in the pole faces. The thickness of 
the lamination should be 0.04 inch and between the sheets 
some good insulating varnish or the oxide insulation of 
the plate itself is sufficient. 

The ratio between the effective iron section and the total 
iron section is about 0.95. 


48. Solid Poles.—Generally speaking the cost of manufacture 
of solid cast poles or laminated ones is about the same. 
The advantage resulting from the application of solid 
pole pieces, consists in the damping effect of the same, so 
improving the parallel working of the alternators; and, 
further, that for high speed machines, the fixing of the 
solid pole pieces is more reliable, as strong bolts may be 
used. 

Another advantage of the solid pole piece, is that the section 
ean be made oval or circular, so redueing the leakage of 
the field system. The amount of field copper is also 
reduced, as the peripheral length is less for a certain cross 
section of oval form than the length for the same eross 
section of rectangular form. By the use of an oval section 
in certain designs the economy in copper is sometimes 
considerable. 


49: Laminated Poles.—With laminated pole pieces, the 
magnet wheel is more certain to run true and to keep its 
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shape ; also the designer is more likely to perfect the design 
as regards shape, pitch and quality. 

The fixing of the magnet limbs on the wheel rim is a con- 
structional detail which must be carefully considered by 
the designer. Figs. 12 and 13 show two methods of fixing 
the magnet limbs on the wheel rim. 

On very large machines it is advisable to give the laminated 
magnet limbs the same rigidity and stability as that of the 
solid cast steel type. This can be attained by welding the 


———— 


Bb 


Fies. 12 AND 13.—METHODS OF FIXING POLE PIECES ON REVOLVING 
FIELD TyPE ALTERNATORS. 


surfaces which are not exposed to induction effects by any 
electrical method. 


50. Magnet Wheels.—For large generators with magnet 
wheels over four feet, the wheel should be cast in two or 
more parts, so as to avoid internal stress in the material. 
The different parts of the magnet wheel are connected to- 
gether by means of bolts and shrinking rings. 

For magnet wheels of about four feet, the splitting of the 
magnet wheel hub is sufficient to take up the internal stress, 
providing that the magnet rim is not too heavy, in order to 
obtain a flywheel effect in the generator. 
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#1. Cyclical Variation.—In the case of direct coupled alter- 
nators working in parallel, there are two alternatives to 
secure the necessary minimum eyclical variation. Either 
the ordinary engine flywheel can be retained and the alter- 
nator magnet wheel placed side by side with the flywheel, 
or a part of the rotating weight is put in the alternator 
wheel to obtain the total amount of flywheel effeet. The 
latter arrangement is the most economical and requires less 
space. 

Direct coupled alternators, for low, medium and high speeds, 
are usually of the flywheel type with a revolving magnet 
wheel. It is necessary to make the diameter of the alter- ~ 
nator of ample dimensions, to allow the application and 
arrangement of the necessary revolving mass, which should 
be placed as near as possible to the periphery. 


52. Periodicity.—As will be seen from practical examples, 
large flywheel generators are specially suitable for 50 and 
higher periodicity. It will be found diffieult to design an 
economical high or medium speed alternator for 25 cycles, 
because the most favorable diameter would not permit the 
arrangement of rotating flywheel mass. 


53. Knowledge of Workshop Methods.—In order that 
the designer shall arrive at the best design as regards 
economy in manufacture, he must be able to calculate the 
labor costs on different parts of the machine; therefore 
he must be aware of the different workshop methods, espe- 
cially if they are out of the standard, as is the case with 
large generators. For standard machines, the designer has 
generally data and empirical rules for caleulating the ma- 
terial, as well as the labor costs. 

With reference to the method of machining the magnet wheel 
of a heavy alternator, it should be noted that the hub is 
first bored and faced on a powerful horizontal boring and 
milling machine; afterwards the wheel is clamped on a 
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shaft which is run over a pit and is completed in this posi- 
tion without taking it from the shaft. This method of 
machining and building results in the perfectly true run- 
ning of all parts of the whez2l. 


54. Field Coils.—tThe field coils of smaller sizes are generally 
hg wound with double cotton covered copper wire and those 
of larger sizes are preferably wound with copper strip on 
edge, the turns being insulated from each other with paper 
or micanite. 

The insulation between the coils and the pole core is in most 
eases press-board or paper, which has very good mechanical 
qualities, for such are required on the revolving part of a 
generator. The coils being former wound and interchange- 
able are held in position by means of the extension of the 
pole pieces, the coil can be replaced by taking adrift one 

magnet limb, with its coil, from the wheel. 
Generally a double covering of the wires is sufficient and only 
in the case of high tension excitation or high peripheral 
speeds are wires of triple cotton covering or a double cover 

of spinning and one cover of braiding used. 


55. Exciting Current.—The current for exciting the field 
magnets is conducted through brushes to two slip rings, 
which require to be of ample dimensions in order to carry 
the rated current without undue heating. It has been 
found an average good value to employ a current density 
of 100 amperes per sq. in. between the gunmetal slip rings 
and carbon brushes, and 400 amperes per sq. in. if the 
brushes are of copper. 


.56. Material and Labor Costs.—As already pointed out, 

the designer has to study the choiee of the material, the 
eonstructional details, the workshop methods, the material 
and labor costs, in order that he may be able to’ judge if, 
with his best electrical and magnetic design, he can realty 
obtain the cheapest machine. : 
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Before entering into the discussion of alternator design, it 
will be found useful as preliminary guiding information, 
to give the standard material and labor costs of different 
parts of the generator. The designer keeping these figures 
in mind, will be able to weigh the results obtained and so 
note how they affect his different designs and costs. Figs. 
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Fie 14.—AVERAGE MATERIAL WEIGHTS OF SYANDARD MEDIUM 
SPEED, 50 CYCLE, POLYPHASE ALTERNATORS. 


14, 15 and 16, indicate the weights, material and labor costs 
of standard polyphase generators. In Fig. 15, the prices 
of materials are given in English shillings. (The value of 
an English shilling is about 24 cents U. S. A. money. ) 


57. Example 1.—The designer is in possession of a specifica- 
tion, which requires him to design a 600 KVA. standard 
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polyphase alternator, of the revolving field type, to deliver 
current at a periodicity of 50 cycles per second, when run- 
ning at a speed of 250 r. p. m. 

Solution —The designer before entering into the design, 
will proceed as follows to obtain from the curves given in 
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Fie 15.—AVERAGE MATERIAL PRICES OF STANDARD MEDIUM 
SPEED, 50 CycLE, PoLyPHASE ALTERNATORS. 


Figs. 14, 15 and 16, the weights, approximate prices of ma- 
terial and labor costs for such a machine. 

From Fig. 14, it will be seen that the total weight of copper 
in the armature and field windings will amount to about 
2,800 l|bs.; the weight of the sheet iron in the armature 
core equals 9,200 Ibs.; and the castings with auxiliaries 
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equals 26,000 lbs. The total weight of the alternator 
.. 1° without exciter will then amount to 38,000 lbs. 


From Fig. 15, the cost of the copper will equal 2,000 shil- 


use lings; the cost of the finished and annealed stampings for 


«ui ov the armature coil will equal 2,400 shillings; and that of 


the castings and auxiliaries 3,300 shillings. The total 
material cost of the alternator will then equal 7%,'700 shil- 
lings. The rates given in Fig. 15 are based on modern 


workshop methods and the standard scale of wages cus- 
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Fie. 16.—CurvE oF RATIO BETWEEN MATERIAL AND LABOR COSTS. 
oF STANDARD MEDIUM SPEED, 50 CYycLE, POLYPHASE 
ALTERNATORS. 


tomary and cost of materials in England. Similar curves 
can be readily plotted for costs in other countries. 

From the curve Fig. 16, the ratio between material and labor 

_ cost for the generator under consideration, is about 3 to 1, 
from which the shop labor costs of 2,550 shillings are ob- 
tained, where M and L equal material and labor, respec- 
tively. 

It may be pointed out, that the greater the capacity of the 

secs. aiternator the greater will be the ratio M = L. | 


. 
a * 
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CHARACTERISTIC DATA. 


58. Characteristic Data.—tThe basis for the calculations of 
any machine is formed by the designer on the standard 
characteristic data supplied to him, from which he provides 
a generator to deliver a certain current at a certain ter- 
minal voltage and frequency. 

The characteristic data of an alternator are as follows: 
The normal capacity in A.W. and in KVA. 
The normal working pressure on the line, in volts. 
The normal speed in revolutions per minute. 
The number of cycles per second or the alternations per 

minute. 

The number and connection of phases. 

Further, if not specified, the values of efficiencies must be 
decided upon and the permissible amount of inherent regu- 
lation is to be fixed. 


59. Kilo Watts, Kilo Volt Amperes and Horse 
. Power.—From the data of K.W. and KVA. the de- 
signer learns what capacity the prime mover must have 
and for what output the generator must be designed. Sup- 
posing that an alternator has to supply « K.W. to a power 
circuit of induction motors, and assuming the line load has 
a power factor of cos g,: then the generator must be 


capable of developing «x ewe =x KVA.; that is, the 


generator is to be rated for the normal output in KAVA. 

The size of the prime mover will be caleulated on the basis, 
that it has to cope with the specified K.W. on the line and 
with the additional losses in the generator. Therefore, if 
the generator efficiency on inductive full load is equal to 7, 
the capacity of the engine in horse power has to be equal 
|) ES gemapagemanacras 

nm X .746 
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60. Example. 2.—Determine the size of the prime mover and 
the rating of the generator, when as alternator it has to 
deliver 600 K.W. to a motor and lamp cireuit with a 
power factor of .8. 


Solution.—The rated capacity of the generator will be 
600 


3>= 750 KVA. 
If the efficiency on full inductive load is equal to 94%, then 
ty of the prime mover will he” aaa 
the capacity of the prime move wre ae 


860 HP. Ans. 
Supposing the generator has to supply a lighting cireuit, that 


is, a circuit without inductance. The power factor is then 


Se. Net ee 
Ed Zn s AGL. 
°, Z | 
OPEN WIWLING CLOSED WINDING. 
Fies. 17 AND 18.—ARMATURE CIRCUITS OF SINGLE-PHASE 
ALTERNATORS. 
cos. P = 1 and the rated capacity of the alternator will 


be 600 KVA. Ans. 

The horse power of the engine remains practically the same 
as before, because generally there is only a small difference 
between the efficiencies on inductive and non-inductive full 
loads. 


61. Voltage and Current of Single Phase Machines.— 


The normal working pressure between the mains and the | 


number and connections of the phases are the conditions 
next to be considered. 

In the case of a single phase cireuit, the line pressure FE is 
the same as the voltage generated in the armature winding, 
E,, provided that the alternator has an open winding, cor- 


Md g , i 
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responding to Fig. 17, so that the armature current C, is 
identical with that of the line current C). 

If the armature winding is closed, as in Fig. 18, each section 
will carry only one-half of the line current C, and the con- 
ductors are to be dimensioned accordingly, that is, for a 


1 


C 
eurrent equal to 2° 


The output of the above machine, with an open armature 


winding 
aw AV AS BC. = Bee te ok bad (1) 
and with a closed armature winding 
= 1,000 x KVA. = 2H, C, = BE, XC)......-. (2) 
i & Se 
G 
En Ze 
. re C rd : : 
XZ Zr 
OLEW WINDING CLOSED WINDING 
Fies. 19 AND 20.—ARMATURE CIRCUITS OF Two-PHASE 
ALTERNATORS. 


62. Two Phase Machines.—For a two phase generator with 
two independent phases as shown in Fig. 19, the line pres- 
sure #, is equal to the voltage of each phase E, and the 
same current C, passes through each phase winding as 
through the main C;. For instance, in a 600 KVA. two 
phase generator of 2,000 volts terminal pressure, the cur- 
rent will be 150 amperes in each phase. 

If the alternator possesses an armature corresponding to 
Fig. 20, the voltage of each of the four armature sections 


or phases, EF, will equal fe and the current in each of the 
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four phases C,, will equal oe which in this ease equals 107 


amperes. 
The output of the above machine with the open armature 
winding of two independent circuits 


= 1,000 x KVA. = 2F, C, = 2B) C).....2.. (3) 
and with the closed winding 
= 1,000 x KV A. = 4B, C, = 2B) Cysiu.:.). (4) 


63. Three Phase Machines.—In three phase work two prin- 
cipal connections are in use, the star and the delta con- 


5 Z 


SOLAR CONNECTION DELIA CONNECTTON. 
Fies. 21 AND 22.—ARMATURE CIRCUITS OF THREE-PHASE 
ALTERNATORS. 


nections. In a three phase generator which produces a 
terminal pressure of E, volts, with a star connected 
EF 

armature, Fig. 21, the phase voltage E, will equal aa 
volts and the current in each phase C, as well as that in the 
line C, will be the same. 

Supposing that the generator armature is of the delta con- 
nection, Fig. 22, and the line pressure is EF’, volts, then each 


phase winding F, of the armature has to be designed for 


C 
the tension of £, volts and for a current C, of e 


amperes. 
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The output of a three phase machine. with the star con- 
» nected armature, 


— 1,000 x KVA. = 3E, C, = 1.73 F, oa ae ees (dD) 
and with the delta connected armature 
SN ee A, oo i Cp aah. 10 15) Cy. as. - ss (6) 


64. Example 3.—Find the phase voltage and the armature 
eurrent of a 100 AVA. generator, when working as (1) 
a single phase, (2) as a two phase, or (3) as a three 
_ phase alternator, with a line voltage of 400 volts. 


65. Solution.—Referring to Par. 61, it is found, that for a 
single phase generator with an open armature winding, 
the phase voltage Ey, is equal to the line voltage £,, which 
in this case is 400 volts; and the armature current C, is 
equal to the line current Cj, which in this case is 200. 

- amperes. 

Substituting these values in equation (1), we have 

400 X 250 = 400 X 250 = 100,000 VA = 100 KVA., 
then the phase voltage E, = 400 volts, and the armature 
eurrent C, = 250 amperes. Ans. 


‘If a closed armature winding is used, from Equation (2) 
we have 2E, C, = E, C; = 1,000 X KVA., where each sec- 


; aan : C 
tion of the winding will carry a current equal to —, 


5 
therefore, ei = = = 125 amperes; whence, 
2 x 400 X 125 = 400 x 250 = 100 AVA. 
In this case the phase voltage LE, — 400 volts 


and the current per section C,—125 amperes. Ans. 


Two Phase Generator: In the case of a two phase generator 

with an open armature winding, we have from Equation 

c (3), i + 
2E, Cy. = 2E, C,; = 1,000 x KVA., 

which in the present ease is equal to 2 x 400 x 125— 
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100 KVA.; and as the same current passes through each 
phase winding as through the mains, the phase voltage 
E, = 400 volts and the current per phase C, = 125 
amperes. Ans. 

If the two phase generator has a closed winding corre- 
sponding to Fig. 20, we apply Equation (4), in which 


case 
fle a: 8) 
oi L4L Lab cgi Nang F 
C 125 
and C= eT sli ak 88 =-C) 3 whence, 


4 X 283 x 88 = 2 X 400 xX 125 = 100 KVA. 


Therefore the phase voltage, E, — 283 volts and the current 
per phase C, = 88 amperes. Ans. 


Three Phase Generators: In the ease of a star connected 
E 


three phase armature, where a E, and Cp, = (, 


we apply Equation (5). 
Substituting the values given, we have: 
3 X 231 X 144.5 = 1.73 x 400 x 144.5 = 100 KVA. 


Therefore, the phase voltage EH, = 231 volts and the three 
phase armature will carry a current of 144.5 amperes. 
Ans. | 

A delta connected three phase armature will generate under 


die C 
the same conditions, a current of only C, with a voltage . 


1.73 
E, = E,, and applying Equation (6), we get, 
3 x 400 X 83.5 = 1.73 x 400 x 144.5 = 100 KVA. 


Therefore the armature current will equal 83.5 amperes 
and the phase voltage 400 volts. Avs. 


66. Winding Used In Modern Practice.—Going into 
details here, it may be mentioned, that practice leans in 
most eases toward the employment of alternators with 


_ ec Am apse) 
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open windings, which in the three phase system is the 
star connection. 


67. Speed.—The normal speed of the generator is very often 
specified ; if not, the choice is left to the designer. With a 
given frequency the speed is limited beforehand to certain 
values and the choice amongst them is influenced by the 
maker of the prime mover, whose engine cannot run below 
or above a certain speed. 

In most cases the generator designer tries to push the 
speed upwards, as with higher speed the alternator be- 
comes lighter and consequently cheaper. But at the same 
time one must not forget to take into account the effi- 
ciency and paralleling question. 


Fie 23.—WiInpING DIAGRAM OF A 'THREE PHASE ALTERNATOR 
WITH AN ODD NUMBER OF POLE PAIRS. 


In the case of a generator with a large number of poles, 
it is often found advantageous to make the number of 
pole pairs an even number, so as to avoid any dissymmetry 
in one of the armature phases and also to eliminate the 
employment of a hand wound coil. 

Fig. 23 shows clearly the winding of a three phase arma- 
ture with an odd number of pole pairs. 

68. Speed Variation.—As a general rule the alternator de- 
signer expects a small variation in speed of the prime 
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mover, when the load is varied from full load to zero, 
and consequently when designing the excitation, one has 
not to make a considerable provision to cover this drop 
in speed. | Br ws 


69. Frequency.—The frequency of the alternations of the 
current is the principal characteristic of the alternating 
current system. For instance, in connection with a certain 
prime mover of, say, 500 revolutions per minute, a 25 
eyele generator will be of much smaller diameter, but 
of considerably larger width than a 50 eycle. machine. 
The reason for this is: the 50 cycle alternator has double 
the number of poles of that of the 25 cycle machine, 
consequently the first machine must have a larger bore. 

In the design of alternating current machines it is necessary 
to consider, step by step, how the different items are in- 
fluenced by the frequency. For instance, the permissible 
iron densities will be higher for a low frequency gener- 
ator, than for one of higher frequency, when considering 
a certain value of’iron loss. 


70. ‘Law of Speed and Frequency.—For a fixed frequency 
the numberof applicable speeds is limited, because the 
number of cycles is equal to the number of pole pairs p, 
multiplied by the number of revolutions per second N; 
that is: 


71. Example 4.—A generator running at the speed of 600 
revolutions per minute N, having a field system of 10 
poles, that is, 5 pole pairs p, will generate a current at 
50 cycles. See Formula (7). 

Example 5.—Take the case of a 12 pole machine in 
stock, which has to generate a current at 75 cycles. Under 

_. these circumstances, at what speed must the generator be 
driven? 


= a pa 


Se ee ee 
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Solution: Applying Formula (7) we have p= ie = 6; 
n= 75. Therefore the speed is 750 r.p.m. Ans. 


Example 6.—Supposing it is required to design an alter- 
nator to give a specified output at a frequency of 40, for 
direct coupling to a steam engine and the engine maker 
limits the applicable speeds to between 270 and 310 revolu- 
tions, what would be the most favorable speed ? 


Solution: For the generator in question, there are two 
suitable numbers of revolutions, namely 267 and 300. 
The first speed requires an 18 pole generator, the second 
speed corresponds to a machine of 16 poles. Under these 
conditions one would decide in favor of the higher speed, 
that is 300 r. p. m. 3 


72. Standard Frequencies.—Practice has adopted the 40 

, to 60 eyele generators for lighting as well as for power 
work, but 25 cycle alternators are used with advantage 
where the load consists only of motor work. 


Low Frequency: In the design of low frequency fly- 
wheel generators, one should bear in mind the difficulties 
which are presented, as with a comparatively small number 
of poles the diameter of the machine is of a very moder- 
ate size, and it becomes almost impossible to make an 
economical design under such circumstances, when the 
flywheel effect has to be placed in the magnet wheel. 


High Frequency: On the other hand, a low speed 
high frequeney alternator leads to an abnormally narrow 
and big machine, and in such eases the question of 
rigidity must be earefully considered. High frequencies 
of about 100 eyeles are to be found in single phase systems, 
but there, too, it has become a rule to employ 40 to 60 
eyele machines, and for such work, nearly all the makers 
have built their standard line of alternators. 


Frequency and Speed: With the present. large field 
of frequencies and with the great range of available 
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43. 


74. 


75. 


46. 


speeds now obtainable, it is very common to find alter- 
nators of large capacity, which are designed as two pole 
machines, also generators with a large number of poles, 
as many as 80, for comparatively small outputs. 


Electrical Characteristics.—The electrical character- 
istics of alternators, must be dealt with on the basis of 


experimental data, before entering into the discussion: 


of their design. 
These characteristics are: the efficiency and the inherent 
regulation. 


Commercial Efficiency.—The commercial efficiency of 
a generator is defined as the ratio of its useful output to 
the input, where the output is equal to the electrical energy 
measured at the terminals of the alternator and the input 


is the sum of the useful output plus the variable and. 


constant losses. 


LOSSES. 


Losses.—tThe variable and constant losses are as follows: . 


1. The friction losses (1) between the revolving part and 
the bearing, and (2) the rotating wheel and the air. 

2. The hysteresis and eddy current losses in the armature 
and field iron. 

3. The excitation losses in the field coils. 

4. The energy consumption in the armature copper. 

Losses 3 and 4 are usually termed the Copper Losses, and 
2, the Iron Losses. 


Classification of Losses.—The classification of the above 
into constant and variable losses, will greatly facilitate 
the reading of the test data as well as the fixing of the 
different items of loss in the design. For instance, very 
often it is specified, that the efficiencies expressed in per- 


« * Seay 
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centage of the input, shall be nearly constant throughout 
a big range of the external load. In this case it is obvious 
that the constant losses are to be kept low and the variable 
losses may be taken somewhat higher. The required con- 
dition is obtained, without any considerable sacrifice in 
the commercial design, by increasing the current density 
in the armature conductors slightly more than usual. 
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Fie. 24.—Trst Curves SHowina Losses AND EFFICIENCY OF A 1,600 
KVA., 450 Revs , 45 CycLte, THREE PHASE ALTERNATOR. 


The test curves, Fig. 24, show distinctly, which losses 
belong to the respective classes. 


77. Constant Losses.—The friction and iron losses are 
strictly constant, the energy required for the excitation 
is an item which contributes to the constant as well as 
to the variable losses. On the other hand, the armature 
copper loss is a strictly variable one and its curve in 
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terms of the output of the generator is a parabola; that 
is, if the load on the alternator is doubled, the armature 
copper loss is quadrupled. | 

The no load excitation loss can be termed a constant loss, 
but the excess of the excitation energy is approximately 
proportional to the generator load. 

The above rules hold good under condition of constant 
temperature. 


78. Efficiency.—The commercial efficiency can be expressed 
by the formula, 
Ww 
W+Wi+ Wn + Wit We ~ 


Efficiency = (8) 


in which 
= Output of the generator, 
W, = Iron losses, 
Wm = Field copper losses, 
W, — Armature copper losses and 
W, = Friction losses. 


79. Example %.—Supposing in a three phase generator of 
1600 KVA. normal rating, the following losses have 
been measured: Iron loss, 35 K.W.; excitation loss, 5 
K.W.; armature loss 11.5 K.W.; friction and ventilation | 
losses 13 K.W. 


Solution: The efficiency of the generator at full normal 
load according to Formula (8) will be: 
1.600 
~ 1,600 + 85 +5+11.54+13 0.96. 
That is, 96% of the input will be delivered as useful 
output. Ans. 


80. Example 8.—The energy losses of the same generator 
when working at one half normal load, are indicated in 
the test curves, Fig. 24. What will be the efficiency at 
one half load, that is, at 800 KVA? 
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Solution: Referring to curves, Fig. 24, the iron losses 
are 35 K.W. as before; the excitation loss is 4 K.W.; 
the armature copper losses are 2.9 K.W.; the friction 
and ventilation losses remain the same as before, namely, 
13 K.W. These make a half load efficiency of 

8090 
Saree pase is ~ 8885: 
that is, 93.5% of the input, will be delivered as useful 
output. Ans. 


81. Grouping of Losses.—The grouping of the different 
losses in their respective classes, expressed’ in percentage 
of the input, will be instructive and found useful, for 
the preliminary calculation of the efficiency on different 
loads. 


On Full Load: On the fully loaded generator the input 
is 1,600 + 0.96 = 1,666 K. W., and the iron loss is 2.1% 


35 
of same, because —— 1,606 ~ = 0,021. 


In the same manner, the friction and ventilation losses 
represent 0.78%; the excitation energy is 0.3% of the 
total input; and the armature current contributes 0.7% 
to the losses. 

Consequently the fully loaded generator develops 2.88, say, 
2.9% constant losses, 0.7 variable losses; and 0.3% of 
the input is utilized for the excitation. 


On Half Load: On half load the input is 800 + 0.935 
= 855 K. W. The constant losses give for the half load 

1 

input, a percentage of ei : = 5.65%, composed of 4.1% 


vu 


iron and 1.55% friction losses, which are double that 
of the corresponding figures for full load. The variable 
energy consumption in the armature copper, in percent- 
age of the half load input, is somewhat less than one half 
of the corresponding percentage on normal output. The 
excitation energy adds 0.47% to the losses. 
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On Variable Loads: From the above ealeulations it 
is seen, that if the constant losses are ¢% at full load, 
they are very nearly 2c% at half load and 4 c% at three 
quarter load, ete.; while if the variable loss is v% of the 


normal input, then at half load, about . % will be the re- 


sult and at three quarter load about 2u%. 


82. Example 8.—In order to illustrate the application of the 
above rules, take two points on the efficiency curve of 
the 1,600 KAVA. generator Fig. 24, namely the full load 
efficieney which is 96.1% and the efficiency at half load 
93.4%, and from these figures find the efficiency at three 
quarter load. 


Solution: From Par. 81 we have the loss 3.9% =c+v; 
and the half load loss 6.6% = 2c + 4v. From this we have: 
2X6.6—3.9 = 3c, or ¢ = 3.1%; and v= 39-31 = 047, 

In the expression of the three quarter load efficiency, Par. 
$1, the constant loss percentage enters as 4c; therefore 
4 xX3.1—41%; the variable loss is #v, from which 
3 x 0.8 = 0.6% is obtained. Therefore the losses on three 
quarter load, amount to 4.7% of the input; that is, the 
efficiency is equal to 95.3%. 

The efficiency curve of Fig. 24, indicates for three quarter 
load the same figure, namely 95.5%. Ans. 

From the above results it is seen, that if the efficiency for 
any two loads be known, the efficiency for any other load 
ean be easily calculated with satisfactory exactness. — 


83. Example 9.—Supposing the full load efficiency of a gener- 
ator is 92% and the half load efficiency is 86%, what will 
be the efficiency at two thirds load ? 


Solution: The loss in the first case is 8% —c+v; and 
in the second, 14% — 2X c+4v; from which we obtain 
28 — 8 = 3c, or c = 6.66% and v = 1.34% of the full load. 

The losses at two thirds load will then be equal to $ X 6,66 + 


ee a ae a ee ee oe ——_ 
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% X 1.34 = 10.9%, which equals an efficiency of 100 — 10.9 
= 89.1% at two thirds load. Ans. 


84, Subdivision of Losses.—By specifying any two efficien- 
cies, the constant and variable losses are more or less fixed 
and the proper subdivision of the different items will be 
the next step. This work can be achieved on the basis of 
experimental data and empirical formule. 


85. Friction and Ventilation Losses.—As the friction 
and ventilation losses are uncertain to calculate, it is found 
advisable to keep on the safe side when using the data 
given in the Table 8. Fig. 25 indicates the usual average 
friction and ventilation losses as experimentally found in 
commercial machines. 


TABLE 8.—USUAL LIMITS OF FRICTION AND 
VENTILATION LOSSES, FOR DIFFERENT 
SIZES OF ALTERNATORS. 


Output of Alternator. Usual Limits in Per Cent. 
10 KVA. 400 to 7.00 
50 6 3 2.00 ** 4.00 
100 ss $:60°.5*>3:50 
200 * 1 10°"* 380 
300 oe at 3" 3.30 
400 - <80 **. 2:20 
500 Ae et tO 
750 ves STO7 >": 288 
1,000 de gh QS INS 


The sources of the above losses are, the friction between the 
bearings and the shaft; friction between the brushes and 
slip rings; and the energy consumed due to the friction 
of the magnet wheel rotating in the air. The friction 
losses largely depend on the weight, speed and construc- 
tion of the machine. 

These losses can be kept well within the limits given in 
Table 8, by the skilful design of the bearings and shaft 
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and an effective system of lubrication. The friction 
losses of the slip rings are usually comparatively small. 

By adopting a magnet wheel of sound mechanical construec- 
tion, the designer can considerably reduce the air friction 
losses, and also by remembering that the energy consumed 
by air friction can be effectively utilized for ventilating 
and cooling, in a properly arranged magnet wheel. 
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Fig. 25.—AVERAGE FRICTION AND VENTILATION LOSSES FOR 
DIFFERENT SIZES OF ALTERNATORS. 


86. Bearing Friction Losses.—For the calculation of bear- 
ing friction losses, the formula 


Watts =0.9xXdx1xX Vv? ....:... (9) 


can be advantageously applied, where d = shaft diameter 
in inches; | = effective bearing length in inches; and vy = 
peripheral speed in feet per second of the shaft inside the 
bearing. It is assumed that the specific pressure inside - 
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the bearing does not exceed the usual practical limit of 
about 600 lbs. per square inch. 

When using formula (9), one must not forget that through 
inaccurate work in the shops or wear in the bearings, an 
eccentric displacement will likely occur between the arma- 
ture and the magnet wheel, which involves a onesided 
magnetic pull. This additional pressure may amount to 
a value as high as 60% of the weight of the magnet wheel. 

It is, therefore, advisable for the designer to allow an 
ample margin when calculating the friction losses. 


87%. Iron Losses. The iron losses in an alternator are in- 
‘fluenced by a large number of factors. The hysteresis loss 
is proportional to the frequency, is increased by increas- 
ing the magnetic density, and is influenced by the wave 
form of the armature current. When calculating eddy 
eurrent losses a fourth factor has to be considered, namely, 
the thickness of the sheet iron used for the armature core. 

Experience has proved, that in order to obtain the minimum 
eddy current losses a lamination of 0.02 to 0.01 inch is 
the most satisfactory for all requirements, because the. 
employment of a finer gauge would only increase the cost 
of the stamped material and the labor in assembling, with- 
out the return of any appreciable advantages. Almost 
the whole iron losses are located in the armature iron as 
only a small loss takes place in the field system when 
excited by continuous current. The iron losses in the pole 
pieces are smaller, the smaller the opening of the arma- 
ture slots. ; 

It is advisable to use a lamination having a thickness of 
0.04 inch for the pole shoes, regardless whether open slots 
or closed holes are stamped in the armature. 


88. Magnetic Densities.—The values of magnetic densities 
in the armature core vary according to the frequency. 
Table 9 gives the limits of magnetic densities in magnetie 
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lines per square inch section of the armature core as found 
in modern commercial designs. 


TABLE 9.—UOSUAL LIMITS OF ARMATURE CORE 
DENSITIES FOR DIFFERENT FREQUENCIES. 


Frequency. Usual Limits in Lines Per Square Inch. 
25 35,000 to 58,000 
30 33,000 ‘‘ 55,000 
40 29,500 ‘* 48,500 
50 26,000 ‘* 43.500 
60 23,000 ‘* 39,000 
7 20,500 ‘* 35,500 
80 18,500 ** 32,000 
90 16,000 ‘** 29,000 
100 15,000 ‘* 27,000 
110 14,000 ‘* 25,000 
120 13,000 ‘* 24,000 


Fig. 26 gives the average values of densities in terms of the 
frequencies. This curve refers to the iron section below 
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Fie. 26. —AVERAGE ARMATURE CORE DENSITIES FOR DIFFERENT 
FREQUENCIES. 


DENSITIES LW LINES PER SQUARE INCH 
& 
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the teeth. The permissible number of magnetic lines per 
unit section of the teeth is indicated in Fig. 27. On re- 
ferring to Figs. 26 and 27 it will be noticed that the den- 
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sity in the teeth is almost double of that in the armature 
core. 


89. Limits of Densities.—The difference in the limits of 
densities is due-to the increasing or driving up of the in- 
duction in the teeth, which reduces the necessary section 
under the pole shoe and leads to an economical design and, 
besides, it stiffens or produces a more stable magnetic field 
next to the periphery. 
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Fie. 27.—AVERAGE TEETH DENSITIES FOR DIFFERENT FREQUENCIES. 


The same reasoning does not hold good for the armature core 
section, for it is necessary to choose and fix the magnetic 
densities in such a manner, that the resulting iron losses 
shall not exceed a certain limited amount, in order to ob- 
tain the best commercial efficiencies for different sizes of 
generators. As a good average figure, it may be noted 
that in standard designs the loss in the armature stamp- 
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ings is about 0.8 to 1.2 watts per lb. of effective iron ma- 
terial. 


90. Choice of Magnetic Densities.—The choice of ‘the 
magnetic densities for different frequencies is based on the 
loss of 0.8 to 1.2 watts per Ib. when fixing the induction in 
the iron, the object being to keep the losses the same per 
unit amount of material. 
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Fie. 28.—AVERAGE IRON LOSSES FOR DIFFERENT SIZES OF 
ALTERNATORS. 


In Par. 91 some very useful data are collected, showing the 
total losses resulting from the hysteresis and eddy current 
losses in laminated armatures. It may be pointed out that 
if a lower efficiency is permitted the magnetic saturation 
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may be driven higher than that stated in the curves, Figs. 
26 and 27. 


91. Iron Losses of Standard Generators.—The total iron 
losses of modern standard generators are given in terms of 
the machine capacity in Fig. 28, which, when compared 
with the curve in Fig. 14, will confirm the statement, that 
the armature iron loss is about 0.8 to 1.2 watts per |b. 
Table 10 gives the usual limit values of iron losses. 


TABLE 10.—USUAL LIMITS OF IRON LOSSES FOR 
DIFFERENT SIZES OF ALTERNATORS. 


Output of Alternator. Usual Limits in Per Cent. 
10 KVA 2.30 to 4.40 
BO. #5 1.90 ** 350 
sory. 1.60 ‘* 3.00 
200 = * 120 ‘* 2.50 
800. = ** 2:15 “** 2.15 
400 a 1.10 ‘* 2.00 
500 “i 1.00 ** 1.90 
750 * 85 ** 1.75 
1,000 oe GS. 20:45 


The curves in Fig. 29. indicate the hysteresis and the eddy 
current losses in terms of the magnetic densities. The eday 
current losses are given for two gauges of sheet iron. All 
the curves are based on a frequency of 100 cycles and the 
loss may be ealeulated for any other periodicity, by re- 
membering that the hysteresis loss is directly proportional 
to the number of cycles and the eddy current loss propor- 
tional to the square of the frequency. 


92. Example 10.—For one pound of laminated iron, the 
hysteresis loss at 100 eycles and an induction of 80,000, is 
equal to 10 watts. What is the loss under the same condi- 
tions at 40 periods? 

Solution: According to Par. 91, the loss will be 
7 10 x 40 


| 100 = 4 watts. Ans. 
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Example 10a.—For one pound of iron made up of 0.02 
inch sheets, the eddy current losses observed are 4.5 watts, 
when the magnetic induction is 80,000 lines per square 
inch and the number of cyeles is 100. What is the loss at 
40 eycles? | 

Solution: The loss at 40 eycles, will be smaller in the 


()? 0? 
a that is, 4.5 X a = 0.7 watt. Ans. 
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Fie. 29.—IRnon Losses In WATTS FOR DIFFERENT DENSITIES WITH 
A FREQUENCY OF 100 PER SECOND. 


$3. Effect of Machining.—It is important to keep in mind 
that the quality of the iron is much affected by the differ- 
ent operations such as machining, filing, ete., and the latter 
especially favors eddy currents inside the slots. 


94. Armature Copper Losses.—The losses in the armature 
winding of a generator are on the average the smallest item 
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of all the losses. Table 11 gives the limiting values of 


TABLE 11.—USUAL LIMITS OF ARMATURE COPPER 
LOSSES FOR DIFFERENT SIZES OF ALTERNATORS. 


Output of Alternator. Usual Limits in Per Cent. 

10 KVA, 4.00 to 6.00 

50 xs So. * S060 

100 ” 1-50"" 3200 

200 he 1.20 ** 2:30 

300 fete 315° ** 1.05 

400 ar EIOW* 275 

500 he 1.00 ** 1 50 

750 $e 95 ** 2.30 
1,000 hg 285 1.15 


the copper losses in terms of the generator capacity and 
Fig. 30 indicates the usual average armature losses. 


10000 


Lo. 


L 


ZL 


LOSSES LN HAT ITS 
Pe PRP Crt 
\ 


200500 400 Soe 600 700 800 HC 000 
QOIPUT IN KFA. 


Fie. 30.—AVERAGE ARMATURE CoprpER Loss FOR DIFFERENT 
SIZES OF ALTERNATORS, 


S 
~ 
8 


o4 ALTERNATING GENERATORS AND SYNCHRONOUS MOTORS. 


The modern alternator with its improved’ ventilation and 
cooling arrangements, permits of a high current density 
of the copper, and the usual current densities allow an 
average copper loss of about 10 to 14 watts per lb. The 
economical use of the copper is a most important matter 
owing to its high cost. : 


95. Current Density.—In the design of stationary armature 
windings a current density (amperes per square inch of 
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Fie. 31.—CoprerR LossES PER PoUND WEIGHT FOR DIFFERENT 
CURRENT DENSITIES. 


conductor section) of 2,000 amperes will create a tempera- 
ture rise of about 40 degrees Centigrade. For large gene- 
rators the armature current densities are somewhat lower 
than the above figure, and for small outputs higher. 

In connection with this subject it will be useful to refer to 
Fig. 31, which gives the energy losses per unit weight in 
terms of the current density. The choice of the latter item 
is dependent on the permissible copper loss and tempera- 
ture rise; consequently, if a higher efficiency is specified 


at ui 
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96. 


97. 


98. 


than the average commercial efficiency, or when the per- 
missible temperature rise is lower than usual, then it is 
necessary to keep the armature current density below 
2,000 amperes. 


Loss in Windings.—The loss in the armature windings 
is equal to the square of the current multiplied by the 
armature resistance, that is: 


WwW, = C’R, BES PR a ee eS (10) 


where C is the armature eurrent per phase, and R, the 
warm resistance of all phases in ohms. 


Resistance in Windings.—The ohmic resistarice of the 
armature winding is expressed thus: 
Be me Societe (11) 
| qd, 2 

where L, is the mean length of an armature turn in inches; 
72, the sectional area of the conductor in square inches; m, 
the number of phases; Z, the number of conductors per 
armature phase; and @ the specific resistance of the 
copper, which, for an average temperature may be 


| 0.8 
k ee 
taken as 10° 


Length of Mean Turn.—tThe sectional area of the copper, 
the value of the current, and the density are already fixed, 
which leaves only the mean length of a turn to be ealeu- 
lated. 

An empirical formula may be used for the preliminary de- 
termination of the lengfh of mean turn, but the proper 
way of obtaining the exact length, is to make a sketch from 
the actual dimensions of the armature. The empirical 
formula referred to above is only an approximate one and 
must be used with the necessary precautions. It is as fol- 
lows: | 

Length of mean turn = L, = 2 (l+k 7)..(12) 


56 ALTERNATING GENERATORS AND SYNCHRONOUS MOTORS. 


LL, = length of mean turn; 

l= length of the armature core including the ventilating 
ducts ; 

z = the pole pitch, that is, the peripheral are from centre to 
centre of pole pieces; and 

k= a constant depending on the type of winding and the 
value of the terminal pressure. 

The constant for polyphase generators of low aa medium 
pressure is 1.6 to 2; for high tension machines, 2 to 2.5; 
and for single phase generators it is about 20% less. 


99.- Definition of High Voltage.—It is difficult to give a 
distinct limit where to begin calling the pressure a high 
one, but it may be said that for generators of about 100 
KVA. capacity, a tension of, say, 2,000 volts is considered 
enough to influence materially the economy of the design. 
Alternators of several hundred KV A. output may be con- 
sidered high tension machines when the voltage exceeds 
4,000 volts, and pressures above 6,000 volts are to be con- 
sidered high for large generator sets. 


300. Example 11. 
of calculating the mean length of the armature turns, the 
determination of the armature resistance and copper losses. 
A 300 KVA. three phase generator of 1900 volts terminal 
pressure has in its star connected armature 462 total turns. 
Each conductor consists of three parallel connected No, 
9 §.W.G. wires, each wire having a diameter of 0.144 inch 
and a section of 0.0163 square inch. The bore of the gen- 
erator is 51 inches; width of core, 10.5 inches; and the num- 
ber of poles is 14. Find (1) the length of mean turn, (2) 
the armature resistance; and (3) the copper losses. 


Solution: Current density: First, the copper section 
of the conductor is checked in order to see if it will carry 
the full normal current. 

On referring to Par. 63, we find that the current per phase 
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F 300,000 
will be 73 x 1,900 
equal to 3 X 0.0163 = 0.049 square inch. Therefore the. 


= 92 amps. The conductor section is 


ao = 1880 amps. per square inch, 
(Ans.), which is a good figure. 

Length of mean turn: The next step is to find the length 
of mean turn. 

The bore being 51 inches, the circumference is equal to 
51 X 3.14 = 160.14 inches and with 14 poles the pole pitch 
amounts to 11.14 inches. Further, the width of the arma- 
ture core equals 10.5 inches. 

From formula 12, the mean length of a turn will therefore 
be equal to 2(10.5 + 2 x 11.44) = 66.8 inches, Ans. 

It is of interest to state that in the machine in question, the 
length has been found by actual measurement to be 69 © 
inches. 

Copper loss; With the mean length of, say, 67 inches, 
the total length of the armature winding will be 462 xX 67 
= 28,954 inches, and, having a sectional area of 3 x 0.0163 
square inches, the weight of the armature copper will 
amount to 28,954 x 0.049 x 0.319 = 450 Ibs. Ans. 

From the curve in Fig. 31 it is found, that with a current | 
density of 1,880, the energy loss in 450 lbs. of copper is 
equal to 450 x 9 = 4,050 watts. Ans. The same result 
would, of course, be obtained by calculating the armature 
resistance in ohms and multiplying the result by the square 
of the current in amperes, that is, C?R. | 

Armature resistance: Supposing that the temperature of > 
the air is 60 degrees Fahrenheit, the temperature rise 
in the armature 75 degrees, and the specific resistance of 


current density is 


0.8 pid, 
copper i08 ohms per cubie inch. Then the resistance of . 


28,954 X08 _ 
0.049 x 10° 


the whole armature winding is equal to 
9.48 ohm. Ans. 
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At normal load the armature current is 92’ amps.; therefore, 
the copper loss will amount to 92? X 0.48 = 4.060 watts 
which is practically the value 4,050 as found above. 


FABLE 12.—DATA OF BARE AND DOUBLE COTTON COVERED 
WIRE, GRITISH S.W.G. 


0 1 2 3 4 5 6 
Number] Diam. — : Max. | Number 
= a i mechan. poe Sie mr Ft. Come Ft. a vee of wg beh 

ritis are re Wire. 0.0. | perInc 
S.W.G. Wire. Inches. Fahrenheit, Wire. 0.0. 
00 .348 095115 . 36636 .00008421 .363 2.7 

0 .324 .082448 J31757 .00009715 .339 29 

1 .300 .070686 27227 .00011331 315 3.2 

2 rte * 059828 .23044 -00013387 .291 3.4 

3 . 252 .049876 .19211 -00016059 . 267 3.7 

4 232 .042273 . 16283 .00018947 .247 4.0 

5 -212 .035299 13596 .00022691 2278 4.4 

6 .192 .028953 .11520 . 00027664 .207 4.8 

Ye .176 024329 .09371 - 00032922 .191 5.2 

8 .160 .020106 077445 -00039836 175 5.7 

9 .144 .016286 .062730 .00049181 159 6.3 

10 p .128 .012868 049565 - 00062243 .143 7.0 

11 .116 .010568 .040707 .00075787 .131 7.6 

12 .104 .008495 .032'720 - 00094286 .119 8.4 

13 .092 .006648 .025605 .0012048 _107 9.3 

14 .080 005026 .019361 .0015934 095 10.5 

15 .072 -004071 .015683 .0019672 .082 12.2 

16 . 064 003217 .012391 .0024897 074 13.5 

17 .056 .002463 .0094869 -0032519 .066 15,1 

18 .048 .001809 .0069700 0044262 .058 17.3 

19 .040 .0012567 .0048403 .0063737 -050 20.0 

20 .036 -O9101L79 .C039206 .0078689 .046 21.7 

21 032 - 0008042 .0030978 .0099590 .042 23.8 

22 .028 .0006157 .0023717 .0130070 .038 26.3 

23 .024 .0004524 0017425 .0177050 .034 29.4 

24 .022 .00038012 0014642 .021070 .032 31.8 

25 .020 .0003142 .0012100 .025495 .030 33 3 

26 .018 -0002545 .00098016 031475 .028 35.7 

27 .0164 .0002112 .00081365 .037916 .0264 38.3 

28 .0148 .0001720 .00066263 .046558 .0250 40.0 

101. Wire Gauges.—In the design and manufacture of elee- 
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trical machinery in different countries, various standard 


sizes of wires are in use. 


In America, the American or 


TABLE 12A.-DATA OF BARE AND SINGLE COTTON COVERED 
MAGNET WIRE, AMERICAN OR B. & S. GAUGE. 
1 2 3 4 5 6 8 
Fi ag? Diam. Area, Di f Number Lbs. Lbs. Oh 
‘ ks -| Tnehes. | Cir. Mils. OS. of Turns | per Foot,| per Foot,| . 5) Foot 
BPR 8s Bare Bare Wire, |PetInch.| Bare 8. 0.0. 4 °0." 
G nuge. Wire. Wire. = 8.0.0. Wire. Wire. ’ 
1 .289 83,521 .309 } 3.23! | .2533 6259 } .000124 
2 .258 66,564 .278 } 3.59! | .2009 .206 * .000156 
3 .229 52,441 | .249! 4.011 | .1593 163+ | .000197_ 
oe 204 41,616 | .216 64.63 «| .1264 .1292 .000248 
5 .182 33,124 .194 5 16 .1002 .1023 .000313 
6 .162 26,244 Re 5,82 .0795 .0812 .000394 
7 .1443 20,822 .154 6.5 .0630 .0645 .000497 
8 1285 16,512 .139 2 .0500 .0512 .000627 
9 1144 13,087 .124 8.1 ,0396 .0406 .000791 
10 .10190 10,384 5113 8.9 .0314 .0323 000992 
11 .09074 8,234 101 9.9 .0249 .0257 .00126 
i2 08081 6,530 .088 11.4 .0198 .0203 .00159 
13 .07196 5,178 .079 12.7 .0157 0161 .00200 
14 .06408 4,106 O71 14.1 .0124 .0128 .00252 
15 .05707 3.257 .064 15.6 0099 .0103 .00318 
16 .05082 2,583 .058 17 3 .0078 0081 .00401 
17 .04526 2,048 .050 20.0 .0062 .0064 .00506 
18 .04030 1,624 .045 Bo i% .0049 0051 .00638 
19 .03589 1,288 041 244 .0039 004 L .00804 
20 .03196 1,021 .037 27.0 0031 .00325 .01014 
21 .02846 810 .033 30 3 .00245 00260 | .01275 
22 02535 643 .030 33.3 .00195 .00209 .01608 
23 .02257 509 .028 35.7 .00154 .00164 .02030 
24 .02010 404 .025 40.0 .00122 .00133 _ .02560 
25 .01790 320 .023 43.5 .00097 .00106 . 03225 
26 01594 254 .021 47.7 .00077 .00085 .04075 
27 .01420 202 .019 52.6 .00061 00068 .05135 
> 88 .01264 160 .017 58.8 .000484 .00U54 .0648 
29 .01126 127 015 66.7 .000384 .00043 | .0818 + J 
30 -01003 101 .014 71.4 .000304 .00034 .1030 


* Double cotton covered. 


Brown & Sharp (B. & S.) gauge is adopted, and in Great 
Britain the Standard Wire Gauge (S.W.G.) is used. 
Tables 12 and 12A give these Wire Gauges. 
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102. Calculation of Resistance.—By the use of Table 12, 
the calculation of resistances is simplified, as it is only 
necessary, after determining the length of the winding, to 
multiply the number obtained by that in column 4 in order 
to obtain the total resistance in ohms. For ‘‘ Data of Bare 
and Single Cotton Covered Magnet Wire,’’ American or 
B. & 8. Gauge, see Table 12A. 


103. Excitation Losses.—In modern generator, design where 
close regulation is necessary, it has been found advisable 
to make the ratio between the armature and field ampere 
turn about 1 to 3. This condition, combined with the per- 
missible temperature rise, leads to a limit of the excitation 


TABLE 13.—USUAL LIMITS OF EXCITATION LOSSES 
FOR DIFFERENT SIZES OF ALTERNATORS. 


Output of Alternator. Usual Limits in Per Cent. 

10 KVA 1.80 to 4.75 

Ae Wawa 135. ** 2:00 

LOO 758 100 ** 350 

200 * 15 **2 80 

300. ¢* .65 ‘* 2.50 

£00" ** 50 ** 2 20 

GOOV «5 50 ** 2 00 

AoO0r- 58 £5 ** 3 
1,000 ‘ 45 ** 2:25 


losses in an alternator. Table 13 gives the usual limits of 
excitation losses for generators of various sizes. 

The usual average values of excitation losses in terms of 
alternator capacity are indicated in Fig. 32. 


104. Exciters.—The normal output of an exciter must be some- 
what larger than the required energy for excitation, be- 
cause it has to supply the losses appearing between the 
brushes and slip rings besides the energy necessary for ex- 
citation. It is advisable to provide an exciter which is 
capable of giving an output of about 25% above that re- 
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quired for excitation, on account of the watts lost in the 
field regulating resistance R, Fig. 1. 

The necessary variation of the exciting current is generally 
obtained by regulating the resistance in the field circuit of 
the alternator, but the application of a regulating resist- 
ance in the shunt coils of the dynamo will be found not 
only economical but very convenient, as it permits a more 
close regulation than the alternator field regulator alone. 


105. Exciting Current.—The watts required in the magnet 
coils are equal to the square of the excitation current mul- 
tiplied by the warm resistance of the field winding, thus: 

Mee ge be ea eh he heey (13) 


where C, = the current in the coils, and 
R, =the resistance of the coils. 
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Fie. 32.—AVERAGE ExcrrATION LOSSES FOR DIFFERENT SIZES OF 
ALTERNATORS 


LOSSES IN Yo OF KVA. 


Ss 


106. Resistance of Field Coils.—The ohmic resistance of 
the winding can be calculated by determining the total 
length of the coils in series, then multiplying the figure ob- 
tained by the specific resistance of the copper and divid- 
ing the result by the value of the sectional area. 

The field coils, having a comparatively great winding depth, 
do not allow the same economical use of copper as the 
armature coils, because the cooling conditions for the inner 
layers are very unfavorable. 
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107. 


108. 


Advantages of Circular Poles. 
| out, that the mean length of a turn for a circular pole core 
i section is the most advantageous, as with a given sectional 
area, the periphery of a circular core is smaller than for the - 


-Assuming on the average a peripheral speed of 100 feet per 


second, the usual current density in the field copper for 
the maximum excitation current should not exceed 1,800 
amperes per square inch, under the condition that the 
winding depth is less than 2 inches and that the permissi- 
ble temperature rise is about 75 degrees Fahrenheit. Any 
departure from the above conditions, in one or the other 
way, allows an alteration in the value of the current den- 
sity. 


Length of Mean Turn.—Assuming that the pole core 


with its maget coil is already calculated and dimensioned, 
the determination of the mean length of a turn is prefer- 
ably made from a drawing of actual measurements. 


It may be pointed 


oval or rectangular forms. The saving effected in the 
copper by using round pole cores is at times an appreciable 


amount. For instance, the periphery of a circular 8- 
square-inch section is 10 inches as against 12 inches ecir- 


cumference of a rectangular form with 2 x 4 inch sides. 


It should be noted, however, that it is impracticable to make 


laminated pole pieces of cireular section. 


109. Advantages of Oval and Rectangular Poles.—If 


laminated poles are to be used, the rectangular shape is a 
necessity. In most cases of alternating current design it 


is difficult to comply with the requirements of circular 


pole sections, except for low speed machines, where the 


length of the armature core becomes approximately the 


same as the width of the pole piece. 


- In standard, medium or high speed generators the armature 


length is considerakly larger than the width of the pole, 


ALTERNATING GENERATORS AND SYNCHRONOUS MOTORS. 63 


and as a standard armature stamping is often utilized for 
various sizes of alternators the introduction of machines 
with the same bore but different core lengths usually takes 
place. 


110. Example 12. A 300 KVA. three phase generator, run- 
ning at a speed of 430 revs. per minute, has 14 poles, each 
earrying a coil of 130 turns of No. 48. W. G. wire. The 
coils are designed for the maximum number of 7,150 am- 
pere turns with the full current of 55 amps. What is the 
loss in the field winding? 


Solution: The sectional area of the wire being equal to 
0.0423 square inch, the current density will be 1,300 amps. 


Fig. 33.—LENGTH OF MEAN TURN IN FIELD Cort. 


per square inch, which is a liberal figure considering that 
the peripheral speed is 96 feet per second, and the winding 
depth is about 13 inches. 

Fig. 33 gives a sectional view of the pole with the magnet 
coil, from which we obtain the length of mean turn, viz., 
34 inches; consequently the total length of the field wind- 
ing will be 61,900 inches, corresponding to a weight of 840 
lbs. (See Table 12.) 

From Fig. 31 we find an energy loss of 3,400 watts, when 
taking the temperature of the coils as 140 degrees F., the 
temperature on which the curve is based. 

From Table 12 the cold ohmic resistance of the 14 magnet 
coils in series is equal to 1.0 ohm. 


Printed in U.S. A. 
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THE DESIGN OF ALTERNATING 
GENERATORS AND SYNCHRONOUS 
MOTORS. 


REGULATIONS: 


111. Testing of Regulation.—tThe inherent regulation of 
alternators deserves the most careful consideration, as a 
small or reasonable voltage drop is the most satisfactory 
eondition for central station work. 

The direct method of determining the voltage drop, is to 
switch the normal full load on the alternator and measure 
the difference between the no-load and full-load voltage, 
when the excitation current and the speed are kept con- 
stant. When this test is executed under different excita- 
tions, that is, for different no-load voltages, one can see 
how the generator works under different degrees of mag- 
netie saturation. 

A properly designed alternator running at normal speed, 
with its rated normal excitation, should give a voltage drop 
which is only a small fraction of the open cireuit pressure. 
Under these circumstances the generator will feed the line 
circuit satisfactorily without much attendance in the cen- 
tral station. 


112. Workshop Tests.—To ascertain the regulation of a ma- 
chine in the manufacturer’s test room, the method given in 
the above Par. 111 is a very costly experiment, besides it 
is not always possible; therefore an indirect method has 
been devised, which is simple, reliable and cheap in its 
execution. 
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This method, which enables the designer to test the generator 
in the workshop, gives him a clear idea of the perform- 
ance of the alternator under different working conditions, 
and discloses whether the various items have been properly 
valued. | . 

To understand this important subject it is necessary to study 
the no-load or open cireuit and the short circuit character- 
isti¢s. 


113. Open Circuit Characteristic.—The open cireuit char- 


acteristic, Fig. 34, gives the E. M. F. of the generator in 
terms of, the excitation current or of the equivalent field 
ampere turns, under the condition of a perfectly constant 
speed. 


VV 


L\F\ al 
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Fie. 34.—CHARACTERISTICS OF A 235 KVA., 50-CycLE, STAR 
CONNECTED 3-PHASE ALTERNATOR. 


The experimental determination of this curve is a very easy 
one, as it is only necessary to let the alternator run at its 
normal speed excited, and to measure the terminal pres- 
sure of the armature on open circuit, with various values 
of excitation. | 

This test gives the E. M.F. of the armature for the corre- 
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sponding excitation, as the E. M. F. is directly proportional 
to the number of magnetic lines of flux which cut the 
armature coils. The no-load curve indicates the saturation 
of the magnetic circuit of the generator. 


114. Saturation Point.—In alternator design, it is impor- 
tant to have a well saturated magnetic circuit within the 
working limits, and the normal pressure should be located 
over the knee or bend of the curve. If the normal work- 
ing pressure is situated cn the lower part of the curve 

- which is under the knee or bend, the voltage drop will be 
large, producing an unsteadiness of the voltage, due to a 
comparatively small alteration of the excitation producing 
a considerable variation in the degree of saturation. 

On the other hand, to work far above the knee or bend has 
also its disadvantages, namely, it involves a wide range of 
excitation regulation to effect a certain rise in the voltage 
of the armature, and such a wide range to work over is 
found ineonvenient by the dynamo attendant when looking 
after the machinery. 

From past practice it has been found best to aim at a normal 
saturation, where one per cent. voltage variation requires 
about 2.2 per cent. regulation in the exciting cireuit. 


4115. Relation Between Field Ampere Turns and Ar- 
mature Flux.—lIt must be clearly understood that the 
voltage on the armature terminals will always depend on 
the number of magnetic lines of flux which enter the plane 
of the armature winding. In an unloaded alternator 
there is no magnetomotive force in the armature which 
will oppose the effect of the field ampere turns and all the 
magnetic lines pass through the armature winding, except 
those which find their way through the leakage paths. 

It has ‘been found that the relation between the field ampere 
turns A, and the useful armature flux F’,, or its equivalent 
aay ‘EK. M. F,, is ‘as follows: 
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116. 


117. 


where F is the resultant of the various items of reluctance 
contained in the magnetic circuit of the machine. The 
above equation represents the open circuit characteristic. 

The ratios between the corresponding ampere turns and flux 
are the variable values of &, and are known as the apparent 
magnetic resistances of the alternator. These values are 
indicated in Fig. 34, plotted in terms of the field ampere 
turns or excitation current. The curve may be plotted on 
a larger or more suitable seale if desired. 

Later on, in Paragraph 131, it will be seen that the absolute 
values of R are required for the predetermination of the 
no-load characteristic, and the form of the apparent re- 
luctanee curve is sufficient for the determination of the 
voltage drop from the test data. 


Example 15.—Method of plotting the apparent reluc- 
tance curve from the test data. 

Fig. 34 gives the open circuit characteristic of a 235 KVA. 
three-phase generator which has a normal terminal pres- 
sure of 5,200 volts with a star connected armature. By 
dividing the values of the excitation currents 30, 20 and 10 
amps. by the corresponding values of the E. M. F., 6,500, 
5,400, and 3,300 volts, we find the numbers whose relative — 
values indicate the course of the apparent magnetic re: 
sistance in terms of the field excitation, and Fig. 34 shows 
that the same approaches a constant value for zero ex- 
citation. 

The magnetic resistaney R, of the non-excited alternator 
plays an important role in the determination of the voltage 
drop. 


Short Cireuit Characteristic.—The short circuit 
characteristic Fig. 34, gives the current of the short-cir- 
cuited armature in terms of the excitation ampere turns 
when the speed of the generator is. kept constant. The 
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experimental determination of the short circuit current 
is effected by exciting the field with a certain current and 
then measuring the current which flows in the armature 
circuit, when the terminals are connected together by 

-means of copper bars having practically no resistance. 
For this test two measuring instruments are required, an 
ammeter in the field circuit and one in any one phase of 
the armature. 

The above test can be made with ease and certainty, and 
with three or four readings, carefully taken, the short 
circuit characteristic can be drawn. Fig. 34 gives the short 
circuit test of a 235 KVA. three-phase generator, running 
at a speed of 429 r. p.m. and rated for a normal current 
at 26 amperes. 


118. Shape of Curve.—dAs seen from the test data the short 
circuit characteristic is nearly a straight line, deviating 
from its course for very high excitations only. 

It is necessary to keep in mind that the short cireuit current 
lags 90 degrees behind the E. M. F. of the armature, 
because the ohmie resistance of the closed circuit is exceed- 
ingly small compared with the inductance. 


119. Effect of Armature Ampere Turns.—The effect of 
the armature ampere turns being directly opposed to that 
of the field coils, the resultant magnetization will be just 
enough to produce the necessary small E. M. F. to over- 
come the ohmic resistance of the circuit and the attendant 
leakage field. Consequently it is obvious, that the short 
circuit current is a measure of the inductance and leakage 
effects of the armature which influence the inherent 
regulation. 


120. Ratio of Armature and Field Ampere Turns.— 
If there were no leakage at all then the short-cireuited 
ampere turns would be necessarily equal to that of the 


70 ALTERNATING GENERATORS AND SYNCHRONOUS MOTORS. 


field, and the ratio between them would be unity. The 
value of this ratio is always larger than 1, and for alterna- 
tors with a large leakage coefficient it often reaches a 
value of 2.45. Such a value has been experimentally 
found for the 235 KVA. inductor type three-phase gen- 
erator mentioned in Par. 117. 

For the standard inductor type alternator, this ratio factor 
is on the average equal to 2, and for revolving field 
machines about 1.2. 

The extraordinarily high value in the ease of the 235 KVA. 
generator, reveals its disadvantages in the design, which 
indicates that the ampere turns on the armature are too 
small and the iron body consequently too large, which 
results in an excessive leakage, requiring a strong field 
to keep the voltage drop within small limits. 

From the above it will be seen that too much copper and 
iron has been used for a purpose which could be achieved 
much more cheaply by proper design. 


121. Influence of Stray Field.—tThe influence of the stray 
field on the short cireuit characteristic may be expressed 
as follows: 

Aig ACK Se eae (15) 
where A,, is the amount of the field ampere turns; © 
A,, the ampere turns of the short-circuited arma- 
ture; and 
k, the ratio factor which characterizes the leakage 
conditions. ss 
The method of calculating the ratio factor k, and its effect 
on the voltage drop is shown in Par. 15%. The nearer 
the value of k, is to unity, the better the alternator from 
the standpoint of regulation. 


122. Load Characteristic.—In a loaded alternator, the eur- 
rent may be in phase with, or lagging behind the E.M.F., 
as the case may be. The armature ampere turns have 


ALTERNATING GENERATORS AND SYNCHRONOUS MOTORS. 71 


a weakening effect on the magnetic field which cuts the 
armature coils and, consequently, there will be a drop in 
the terminal voltage. 

If, for a certain armature current, the terminal voltages are 

- measured for different excitations and the results plotted 
in terms of the field ampere turns, the so-called load 
characteristic of the alternator is obtained. Such a curve 
is given in Fig. 34, corresponding to the normal ,current 
on an inductive load with a power factor cosp~—0O. The 
ordinate lengths between the open ecireuit characteristic 
and the load characteristic curves represent the drops in 
volts. For instance, the drop of the terminal voltage is 
6,500 — 5,300 = 1,200 volts when the exciting current 
is 30 amperes, with an armature current of 26 amperes 
lagging 90 degrees behind the E. M. F. 


123. Load Characteristics with Various Power 

_ Factors.—Load characteristies indicating the inherent 
regulation can be obtained for different current values, 
as well as for different power factors, but in the first 
instance it is interesting to know the voltage drop on the 
armature when carrying the normal current with the 
‘power factors cos p = 0 and cos Y = 1, the former being 
the inductive and the latter the non-inductive load. | 

It is important to note, that a small voltage drop on a non- 
inductive load, does not always result in good regulation 
on an inductive circuit, but if the inductive regulation is 
good, then the regulation on a non-inductive load will no 
doubt be satisfactory. 

For an all round good regulation the inductive (cos p = 0) 
voltage drop gives the only reliable guide. 


124. Necessity for Good Inductive Voltage Drop.— 
It is best to design the alternator for a commercially good 
inductive voltage drop, especially if the generator is 
intended to supply a power circuit. 
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Fig. 5, gives the average values for fully loaded machines. 
For an intermediate load the drop can be approximately 
assumed from the ratio of the load currents; that is, if 
on full non-inductive load the regulation is 7% (curve B) 
then on half load it will be 3.5%. 

Par. 130 explains the method of determining the drop 
exactly. 


125. Determination of Voltage Drop.—tThe next step is 
to determine the voltage drop on an inductive load with 
the power factor cos PY = 0, and an explanation of two 
experimental methods will greatly assist in understanding 
which elements affect the inherent regulation. 


126. Prof. Arnold’s Method.—The older method of Prof. 


Arnold deserves attention on account of its great sim- 
plicity, although the results obtained are far from being 


exact; however, it provides a basis for a reliable, corrected 
method. 

The rule of the first method is expressed in the following 
equation, 


where .1,, is the value of the field ampere turns which 
corresponds to the open circuit voltage; 


A,, the value of the field ampere turns which is 
required to generate an open circuit voltage 
equal to that at the terminals, when the 
armature carries a given current with a 
power factor cos Pp = 0; 

and A,,,the field ampere turns which will produce the 
specified current in the short cireuited 
armature. . 


127. Application of Prof. Arnold’s Method.—If the 
normal short circuit current, which lags 90 degrees 
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behind the E.M.F., that is, has the power factor cos P 
= 0, counteracts A,, field ampere turns, then the same 
armature current on an inductive load with a power 
factor cos g = O will also counteract A,, field ampere 
turns. Therefore the application of this rule will take 
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Fie. 35.—CHARACTERISTICS OF A 235 KVA., 50-CrcLE, STAR 
CONNECTED 3-PHASE ALTERNATOR. 
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the form indicated in Fig. 35, which gives the test results 
of a 235 KVA. three-phase generator. 

The normal current of this alternator is 26 amperes with 
a terminal pressure-of 5,200 volts, and the excitation re- 
quired to obtain this current in the short circuited arma- 
ture is equal to A,, = 5.06 amperes. 


128. On Inductive Load.—If, on an inductive load, the alter- 
nator with an excitation A, of 30 amperes produees an 
armature current of 26 amperes, then the terminal voltage 
of 6,000 volts will correspond to 30 — 5.06 = 24.94 
amperes exciting current in the open circuit characteristic, 
see Fig. 35. . 

The tension of the armature on open cireuit, with 30 amperes 
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field excitation, is 6,500 volts, so that the drop is equal to 
6,500 — 6,000 = 500 volts. The actual voltage drop of 
the alternator in question has been found to be 1,200 volts, 
which is much more than the theoretically determined 
figure. 

Take another value of field excitation, say 10 amperes, with 
an open circuit voltage of 3,300 volts. The test. in this 
instance gave a voltage drop of 1,500 volts with 26 amperes 
inductive load on the armature, which is very close to the 
ealeulated figure, namely 1,800 volts, corresponding to 
10 — 5.06 = 4.94 amperes excitation. 


129. Consideration of Saturation.—In Fig. 36, as in other 
examples, it will be observed that the above method gives 
good results, when applied to that part of the open circuit 
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Fig. 36.—CHARACTERISTICS OF A 1,850 KVA., 50-CycLE, STAR 
CONNECTED 3-PHASE ALTERNATOR. 
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characteristic which is under the knee or bend of the 
curve, but when applied to the curve above the bend, it 
produces values of the drop which are too small. 
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~The reason for this is, that the rule does not take into con- 
sideration, that the states of saturation are different, when 
the armature earries a short circuit current and when it 
delivers the same current to an external circuit at a high 
voltage. This is due to the fact, that the leakage con- 
ditions are generally more unfavorable in the case of a 
highly saturated magnetic circuit, than that of low satura- 
. tion corresponding to the short circuited armature. 


130. Second Method of Determining Voltage Drop.— 
The second method of determining the voltage drop from 
the open circuit and short circuit characteristics, takes 
into account the different degrees of magnetic saturation 
and leads to such rules which will enable the designer to 
ealeulate the machine characteristics with exactness, 
besides enabling him to fix the amount of regulation to 
be expected. The rule as it has been developed is embodied 
in the following equation: 


gy 5 RY 
gery 7 yun 


where A,, A, and A,, have the same meaning as stated in 
a ta 2 
Par. 126 and the factor(#*) represents the ratio between 


the apparent resistances which correspond to the -open 
circuit voltage of the load E. M. F. and to the non-exeited 
state. 


151. Determination of Inductive Regulation.—Equa- 
tion (17) leads to a simple method of determining the 
inductive regulation of an alternator. 

In this and Paragraph 132, the test data of the 235 KVA. 
three-phase generator, Fig. 34, is used. Fig. 37 gives the 
no-load and the short circuit characteristies together with 
the curve R?, which represents the square of the apparent 
magnetic resistance in terms of the excitation current. 
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It is particularly pointed out, see Par. 115, that the absolute 


values of R are not required, as the shape of the curve is 
sufficient. 
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Fie. 37.—DETERMINATION OF THE INDUCTIVE Cos @ = 0 
REGULATION OF ALTERNATORS FROM THE No-LOAD 
AND SHORT CIRCUIT CHARACTERISTICS. 


AS Calculation of Inductive Regulation.—To deter- 


mine the inductive regulation, proceed as follows: From 
the short circuit characteristic, take the field ampere turns 
corresponding to the current value for which the drop is 
to be obtained and deduct this number from the field 
ampere turns, corresponding to the particular field excita- 
tion for which the regulation is to be found. ° 


In the present case the excitation is given in amperes and 


not in ampere turns; therefore, take the exciting amperes 
corresponding to an armature current of 26 amperes on 
the short circuit characteristic, namely, about 5.06 amperes, 
and deduct this from the field current (OA) of, say, 30 am- 
peres, so obtaining the point £ on the abscisse line, Fig. 37. 
Erect at this point Y a perpendicular and mark on it the 
point C, on the horizontal through R,?. Draw the line 


A C until it euts the curve representing the square of the 
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apparent resistance, at the point B. Draw through B a 
perpendicular until it intersects the no-load saturation 
curve at D, and the voltage thus indicated is the pressure 
of the generator loaded with 26 amperes phase current 
with a power factor of zero (cos p= 0). 

This operation carried out for different field currents, gives 
the full load characteristic for a power factor cos p= 0. 


133. Rule for Calculating the Non-Inductive Regu- 
lation.—The inherent regulation of the generator on 


Fie. 38.—GRAPHICAL DETERMINATION oF LOAD M.M F. wirt 
GIVEN No-Loap AND REACTANCE M M.F.’S For 
DIFFERENT PowER FACTORS. 


non-inductive load for any current at any power factor, 
can be easily determined by remembering the following 
rule: 

The reactive ampere turns of the armature, A B* in Fig. 37, 
corresponding to the field excitation O A and obtained by 
the method described in Par. 132, are the sides of a 
triangle in such a form, that the reactive ampere turns as 
one side encloses with the third side an angle, which corre- 
sponds to the value of the power factor. 
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That is to say: For a power factor cos P= O the angle 
is equal to 90-+90—180 degrees; for cos P=1 it is 
90 + 0 = 90 degrees, ete. 

The above rule is also illustrated in the simple diagram Fig. 
38. The triangle consists of the field turns O A and the 
reactive turns A B' as. two sides; 90+ Pas one of the 
angles; and the third side is represented by the field 
ampere turns, which correspond to the load voltage on the 
saturation curve. In this manner O B', Fig. 38, repre- 
sents the resultant ampere turns with cos P =1, and 
0: B* the resultant ampere turns with cos p = .8. 


134. Determination of Non-Inductive Regulation.— 
Fig. 39 shows the determination of the non-inductive regu- 
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Fie. 39.—DETERMINATION OF THE Non-INDUCTIVE Cos p = 1 
REGULATION OF ALTERNATORS FROM THE No-LOAD AND “* 
SHORT CIRCUIT CHARACTERISTICS. 


ation of the 235 KVA. three-phase generator, the char- 
acteristics of which are shown in Fig. 34. 
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In order to obtain the terminal pressure on the armature 
carrying a current of 26 amperes at cos g = 1, the follow- 
ing operation has to be performed. 

Supposing that the field excitation is 30 amperes, the reactive 
ampere turns A B" are first determined as in Par. 732; 
then a semicircle with O A as diameter is described on 
OA. This semicircle when intersected by A B* from 
center A, gives O T as the excitation corresponding to the 
load voltage. It is obvious from the figure that O T and 
AT form an angle of 90 degrees, corresponding to cos P 
= 1. In the above case O T is equal to 28 amperes and 
the load pressure, 6,300 volts. 


135. Actual Load Characteristic.—The actual load char- 
acteristic of the 235 KVA. alternator, Fig. 34, indicates 
that with the above described method, the inherent regula- 
tion from the no-load and short circuit characteristics can 
be satisfactorily determined. 

The design of an alternator with a specified pemalation is 
therefore reduced to the proper predetermination of the 
open circuit and short cireuit characteristics. 


136. Elements which Affect Regulation.—tThe principal 
elements which affect the regulation of an alternator are 
as follows: 

1. Voltage drop due to the ohmic resistance of the arma- 
ture. 

Voltage drop due to hysteresis and eddy currents. 

Leakage of exciting field. 

Leakage of armature field. 

. The demagnetizing effect of the armature ampere turns. 

In a properly designed alternator, the two items 1 and 2 are 

so small that they may be neglected; but the magnetic 
properties mentioned under 3, 4 and 5 have to be carefully 
considered. 

The action of the magnetic properties mentioned above will 


oR go by 
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be best understood if the machine is looked upon simply 
as a circuit of magnetic lines. 


137. Magnetic Circuits.—In a generator there are as many 
closed magnetic circuits as there are number of poles. For 
instance, Fig. 40 indicates the six closed circuits of a 6- 
pole revolving field type alternator, and as all these circuits 
are alike, it is sufficient to deal with only one of them. 

Such a magnetic circuit consists of the useful and leakage 
paths, the former being represented by the lines through 


Fie. 40.—MAGNETIC CIRCUIT OF A 6-POoLE GENERATOR. 


the wheel rim, pole core, pole shoes, air gap, slotted part of 
the armature and armature core, which return to the 
starting points by passing through the different parts in 
the reverse order. 

The leakage paths are located in the space which surrounds 
the machine body, due to magnetic lines attempting to 
escape through the air, by passing from one part of the 
useful magnetic circuit to another of lower magnetic 
density. 

The magnetic circuits which offer a certain resistance to the 
flow of the lines of magnetomotive force, have in their 
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field ampere turns the source of the exciting magneto- 
motive force. The lines of useful magnetomotive force 
cut, so to speak, the armature winding and generate an 
E.M.F., which produces a current when the armature 
winding is closed. 

The current carrying armature coils represent the source of 
another magnetomotive force in the magnetic circuit of 
the machine. 


138. Treatment of Magnetic Circuit.—The treatment of 
the magnetic circuit in a manner similar to that of an 
electric circuit, is the simplest method to explain the 
somewhat complicated origin of the inherent’ regulation. 
Fig. 41, indicates the magnetic circuit of one pole of the 
machine illustrated in Fig. 40. 
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Fie. 41.—HyporHeTicAL REPRES2\ TATION OF THE MAGNETIC 
CrecuItTs OF A GENERATOR. 


The symbols used in Fig. 41, are as follows: 

A,, the ampere turns or magnetomotive force of the 
exciting field ; 

A,, ampere turns or magnetomotive force of the armature 
winding ; 

r,, Yeluctance of the field system consisting of the paths 
in the wheel rim, pole cores and pole shoes: 

F,, flux in the field system, that is, the number of lines of 
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magnetomotive force passing through the field 
system ; 
r,1, magnetic resistance of the field leakage path; 
F}, flux or number of lines carried by the field leakage 
path; 
r,, magnetic resistance of the air gap; 
F,, flux in the air gap; 
r,, magnetic resistance of the armature system consisting 
of the teeth and' of the core above the toothed part; 
F,, fiux flowing through the armature system; 
r,1, magnetic resistance of the armature leakage path; and 
F, flux in the armature leakage path. 


439. Magnetomotive Force.—The magnetomotive force, 
which may be expressed in ampere turns, is analogous to 
the E.M.F. of an electric circuit; the flux given in 10° © 
lines 3s identical to the electric current, and the reluctance 
is the same for the magnetic circuit as resistance is for the 
electric circuit. 

The symbolical expression of the reluctance is 


on Spas eee (18) 
qx 


where 1 = the length of a magnetic path of a section equal 
to g square inches, and “ — the permeability of the re- 
sistance material. 

The latter symbol / in the above magnetic formula (18), 
is analogous to the specific conductivity of an electrie con- 
ductor. 

It is obvious from Fig. 41, that the leakage lines passing 
through, the dotted paths are entirely. lost, from a useful 
point of view, and in consequence of this, the designer 
must make the resistance of the leakage path high and that 
of the useful circuit comparatively low. 

This qualitative conclusion indicates, that in an electrically 
favorable design, the length of the useful magnetic circuits 
should be as small as possible, the sectional area-ample, and 
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that the saturation in the unit section should correspond to 
the highest permeability. 

Further, it is necessary that the spaces between the useful 
paths of different magnetic density sheuld be large, but at 
the same time should offer as small a sectional area as 
possible to the leakage lines, and that the pole pieces 
should be placed far apart from each other. 

_ All these conditions cannot, however, be complied with, as 
it would involve a sacrifice of practically everything for 

_the sake of good regulation, so making a very costly 
alternator. 

The compromises which are to be effected in order to obtain 
an all round satisfactory machine, will be discussed later 
in the examples of design. 


140. Reluctance.—The symbolical expressions of the reluc- 
; tances of the different magnetic paths depending on the 
; dimensions and forms of the iron and copper parts, are 

given in Pars. 141 to 153. 

These items are of the greatest importance, because the 
proper determination of the machine characteristics de- 
pends on the correct calculation of the different magnetic 
resistances. 7 

With the careful determination of the no-load and short 
circuit characteristics, not only is the required regulation 
obtained within a specified limit, but expensive experi- 
ments and tests are unnecessary. 


141i. Calculation of Reluctance.—The magnetic resistances 
or reluctances of the various magnetic paths may be eal- 
eulated on the basis of Equation (18), by referring to 
Fig. 42, which indicates by symbols the dimensions of the 
various parts. 
It should be noted that the expressions of the reluctances, 
are obtained from hypothetical assumptions, simplified for 
practical use, so that they form more or less empirical 
formule of sufficient exactness for design purposes. 
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The revolving, alternate pole type generator will be dis- 
cussed, because it is the most modern type of machine; but 
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Fie. 42.—SYMBOLS OF THE DIMENSIONS OF THE MAGNETIC PATH. 


it should be noted that the expressions may also be applied 
to the revolving armature type alternator. 

In the following calculations the magnetic resistance of only 
one pole is dealt with. 


142. Magnetic Reluctance of the Field System.—The 
magnetomotive force of one magnet coil forces a certain 
number of lines through the rim of the wheel, the pole 
core and the pole shoes. The reluctance of the pole shoes 


is in most cases too small to take into account, so we write 
for the reluctance of the pole system: 


d e 

r, = 0.818 x [— Woh PIPE = |--- a9) 

For the definition of the various symbols see Fig. 42. 

Further “,; = the permeability of the iron in the wheel 
rim, and 

Mp = the permeability of the iron in the pole 

core; both these values vary with the 
degree of saturation, 
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143. Example 14.—Assume that the pole system of an alter- 
nator has the following dimensions: 
d= 10inches;b = 6 inches; f = 17 inches; 
e= 2 inches; g = 24inches;h = 5Sinches. Substituting 
these values in Formula (19) and taking “, = 350 for 


the pole core and #; = 150 for the wheel rim, we obtain 
_a field system reluctance value of 
2 SSNs Se SO | | Bes 
ei Frateet +r 2X24xX5x15ut—— 1U* ae. 


144. Reluctance of Air Gap.—The air path between the 
rotating and stationary parts, termed the clearance, con- 
tributes the greatest item to the apparent magnetic 
reluctance of the alternator and its calculation requires 
special attention, because the correct dimensioning of the 
air gap infiuences not only the electrical characteristics, 
but also the price of the machine. 

The following expression has been found to give good prac- 
tical results. The symbols referring to the demensions 
indicated in Fig. 42: 


1 

txX'@ ( - us) 
o(u-+ 0) 

The above tsrmiala refers to armatures with open slots. 

For closed, or slightly open, holes the whole pole shoe surface 


which is opposite to the toothed body has to be taken into 
consideration, so making the expression in this ease: 


x 0.313...(20) 


To = 


axrxl 
oxo 


-4- 


i 


It may be pointed out, that as a general rule the width of 
the pole is 1 to 1% inches less than that of the armature, 
in order to effect the cutting of the armature core- and 
winding by part of the stray lines of the field. 
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145. Example 15.—The large alternator mentioned in Par. 
145 has a pole are a of 8 inches; a slot width s of 1 inch; 
a total armature length | of 20 inches; a tooth pitch o of 
2.4 inches; an air gap 8 of 0.35 inch; a depth taken up by 
the fixing wedge and insulation material w of 0.3 inch; and 
a width of tooth r of 1.4 inches. 
With this data and application of Equation (20), there is 
obtained an air gap reluctance value 
0.313 See: 
8X TA 20 20: %8 Rae dO 
2.4 X 0.3 i 2.4 X 0.65 
This value is about 5 times larger than the reluctance of the 
field system for the saturation assumed in Par. 143. 
It will be found in course of the calculations of practical 
examples, that the results will be very close to the pro- 
portion of reluctances given herein. 


Ans. 


T= 


146. Reluctance of Armature System.—The magnetic 
reluctance of the teeth and armature core is in most cases 
a small value, when compared with that of the field 
system and air path. 


The following equation expresses the reluctance of the 


armature system: 
=( aX oO aie Vv 
> NaxrxlxmexXg 2kX1UX pa Xp 
For the definition of the various symbols, reference is 
made to Fig. 42. 
Further », — the permeability of the iron in the teeth; 


)0.313. .. (22) 


Pa —= the permeability of the. iron in the arma- 
ture core, and 
j is a constant depending on the amount of 


insulation in the armature core and in this 
case may be taken as 0.85 to 0.9. 


147. Example 16. Par. 145, 
the dimensions a, 0 r, and | are already given. The depth 


a Pee weet ee eee 
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of the teeth ¢ = 2.2 inches; v = 10 inches; and k = 8 
inches; r = 1.4 inches. 

The magnetic saturation corresponding to those of the field 

system are, wa, = 640 and m = 230. 

From this data is obtained an armature system reluctance 
value as follows, by substituting the values in Formula 
(22): 

A _( 2.2X% 2.4 4 10 ) 
2 \8X 1.4 20K 230.9  2X8xX20x*640X.9 
0.313=0.54x10™. Ans. 


which is about 30% of the reluctance value of the field 
system, or 6% of that of the air gap. 


148. Reluctance of the Field Leakage Path.—In Fig. 
| 43, seven distinct directions are indicated in which the 
magnetic lines may leak outside of the useful cireuit. The 
magnetic lines passing in the direction of 6 and 7 are not 

actually lost to the useful armature magnetic circuit, pro- 


x 


—- 
—_— 


Fie, 43.—LEAKAGE PATHS OF THE FIELD MAGNET SysTEM 
OF A GENERATOR. 


viding that the precaution is taken of making the length of 
the armature core somewhat longer than that of the pole 
face. In this case the items 6 and 7 need not be calculated. 
In most cases the lines lost in the direction 4, are too small 


88 § ALTERNATING GENERATORS AND SYNCHRONOUS MOTORS. 


to be considered and the same may be said about those of 
the path 1, especially if the air gap has moderate values. 
For the sake of simplicity one neglects these items and it 
will be found that the following expression of the field 
leakage reluctance is entirely satisfactory, reference being 
again made to Fig. 42 for the meaning of the symbols: 


he 0.313 ae 
"dex, ad xf xa ae Oe (23) 
n mm . m-+b 


149. Example 1%7.—The values d, f and b are already given in 
Par. 14353 and further c = 1.4 inches; n = 6 inches; and 
m = 7 inches. Substituting these values in Formula 
(23), we obtain as the reluctance value of the field leakage 
path : 
sie 0.313 _% 
» ~4AX1.4X17 , 4X10X17 , 4X6X10 10" 
6 7 Sa: § 


Ans. 


This value is about 3 times larger than the reluctance of the 
air gap. The reason for this comparison will be found in 
Pars. 154 to 158, where the leakage coefficient of the 
whole magneti¢ circuit is discussed. — 


150. Reluctance of Armature Leakage Path.—tThe ecal- 
culation of this item is one of the most difficult tasks of the 
designer, as the conditions are far too complicated to take 
into account all the different factors, such as the class of 

winding, form of the coils, form of the armature magnetic 
field, saturation of the teeth, influence of the idle iron 
parts near to the armature body, ete., 
It is considered satisfactory to calculate the value of the 
reluctance of the armature stray field within 10%. 
Formula (24) will answer the purpose in most cases, 
especially if the reluctance items are considerable. 
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151. Directions of Lines of Armature Leakage Path. 
—Figs. 44 and 45 indicate the principal directions of the 
leakage lines. The number of lines lost in the paths 7 and 
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Fig. 44.—LEAKAGE PATHS OF THE ARMATURE SYSTEM OF A 
GENERATOR, . 


4 are generally negligible and only the leakage inside the 
slots, direction 2, and that around the teeth faces, direction 
3, will be considered. 

An additional loss of magnetic lines will be found around 
the inactive wires of the armature winding which projeet 


Fie. 45.—LEAKAGE PATHS AROUND THE INACTIVE ARMATURE 
WINDING, 


out of the iron core. Such leakage is considerable in a 
generator with a large number of poles, such as a machine 
of large diameter with a short armature. This. item. will 
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be more important the higher the voltage of the machine, 
because in high tension windings the inactive wire must 
be increased to guard against, breakdowns. 

Fig. 45, indicates an assumption of the direction of the stray 
lines around the inactive wire of an armature winding. 


152. Calculation of Armature Leakage Path Reluc- 

- tanece.—tThe expression of the armature leakage path 
reluctance, referring again to Fig. 42, is as. follows: 

5k 0.313 . 

2 4¢xlxo , 4¢xr[(a+n)+o] 
s(nta)' (a+n)xo 


r 


+(a-+n)+2l, . (24) 


The leakage lines of the inactive wires are assumed for an 
example, such as an armature with long coils as shown in 
Fig. 45. 


153. Example 18.—In order to obtain the reluctance of the 

| armature leakage path, the data required for the machine 
in question, Pars. 143 to 149, is known with the excep- 
tion of 1,, Fig. 45, which is equal to the length of the coil 
projection. 

In the present case, the armature has coils of different 
lengths, consequently, a mean value has to be found which 
in this ease is 1, = 6 inches. The value of the slot opening 
s=linch. From Formula (24), the following armature 
leakage path reluctance is obtained : 


Hr 0 313 
2 4X 2.2X20X2.4 ,4%2.2X1.4X16.4 
1x14 cS 14 X 2.4 


r 


414412 
= bl K LO lee 
This value is over 6 times larger than that of the air gap. 
The proportion between these two values has an important 


influence on the short circuit current, see Pars. 157 and 


158. 
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154. Effect of Leakage on Various Characteristics.— 
The leakage of the exciting field and that of the armature 
system are mentioned in Par. 136 as one of the elements 
which affect the inherent regulation. 

The former shows its direct influence in the calculation of 
the open cireuit characteristic, but the effect of the latter 
is more prominent on the short cireuit current char- 
acteristic. 


155. Leakage Factor.—tThe leakage factor, which is intro- 
duced in predetermining the ecaleulation of the no-load 
characteristic, is defined as the ratio between the flux 
generated in the pole core inside the field coils and the 
flux which actually cuts the armature coils, which is 
useful for the generation of the E. M. F. in the armature 


winding. 
The symbolical expression of. this factor is: 
3 F, ea ae 
1 Sk ee aha se eral avandia. x (25) 


The definition of the various symbols is given in Par. 138. 
The third and fourth items in the above equation are in most 
eases negligible, especially if the armature core is not 
highly saturated and for practical caleulations the follow- 
ing simplified Equation (26), gives satisfactory results: 


‘oli aememaieete res 


and for the particular alternator which has 30 poles, a 
leakage factor of o = 1+ ki = 1.33 is obtained. That 


‘is to say: Out of every 133 lines generated in the field . 
system only 100 will cut the armature coils. 


156. Leakage Factor of Revolving Field Type Alter- 
é nators.—In modern revolving field alternators the leak- 
age factor lies within the limits of 7.15 to 1.5, .the latter 
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value corresponding to machines with a large number of 
poles. 

For the approximate calculation of leakage factor the fol- 
lowing simple Formula (27), will be found useful: 


157. Effect of Leakage on Short Cireuit Current.— 
The effect of leakage on the short circuit current reveals 
itself in the factor k,, which in Par. 121 has been defined 
as the ratio between the ampere turns of the field system 
and the corresponding ampere turns of the short circuited 
armature. 

The symbolical expression of this factor is: 


| + <3 os aes Silinag acs (28) 


In the case of the alternator under discussion, Equation 
(28), gives: 


k=1l+te Sf Ae EP = 1.26, 


458. Normal Value of Factor k,—In modern alternators | 
this factor has values which lie between 1.05 and 17.5. 
A generator with a higher factor than that mentioned 
possesses excessive leakage, but it must be remembered, 
that the larger the number of poles the greater will k, be 
for the same type of machine. 


159. Demagnetizing Effect of Armature Ampere 
Turns.—The demagnetizing effect of the armature 
ampere turns is the third factor which influences the 
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voltage drop of an alternator; in fact, it is the decisive 
factor which determines the regulation. 

Roughly speaking, the generator should not have a larger 
drop than 4 of the open eircuit voltage on an inductive 
load, cos P = 0, with normal excitation. Under these 
circumstances the excitation ampere turns for normal 

_ voltage must be three times greater than the ampere turns 
of the loaded armature, assuming that the leakage is zero. 


160. Calculation of Armature Ampere Turns.—The 
following rules are employed to determine the armature 
ampere turns for armatures of different phase numbers. 
Let 7 = the number of armature turns per phase, and 

C = the current in each armature phase winding 
expressed in amperes. 
Then the back ampere turns of a single phase generator 


are: 
AT aOR C1 Tae Baus teed: « (30) 
The back ampere turns of a two phase alternator are ex- 
pressed by: 
yi Ad Agen ah Bh ar Se dae tae aa abe, Sa ree (31) 


And the back ampere turns produced by a three phase 


alternator are: 
PY eee) We oe Bo ae a ee. Pa pear (32) 


The coefficients of the above equations are based on a sinusoi- 
dal current wave form, but they may be applied in most 
eases without any alteration, as only a small correction is 
necessary. 


161. Example 19.—In the case of a single phase generator 
having 672 turns, each carrying a normal eurrent of 120 
amperes, the theoretical number of armature ampere turns 
will be 


A, = 0.9 X 120 x 672 = 72,576. Ans. 


94. 
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162. 


163. 


164. 


165. 


Calculation of Open Circuit Characteristic. 


Example 20.—In a two phase generator, which has 64 


slots each containing 12 conductors, the number of turns 
1; ; 

per phase will be oS = 192; and if the armature 

current is equal to 400 amperes, the value of the back am- 

pere turns will be 


A, = 141 x 400 x 192 = 108,290. Ans. 


Example 21.—If a three phase generator has 924 con- 


ductors on its armature, the total number of turns will be 
2g4 — 462, and the number of turns per phase $2 = 154. 


Assuming a current of 90 amperes in each phase, the total 


number of armature ampere turns will be 
A, = 2.12 x 90 x 154 = 29,260. Ans. 


Effect of Armature Ampere Turns on Inductive 


Load.—In the ease of an alternator with an inductive 
load cos » = 0, the armature ampere turns counteract the ~ 
effect of the field ampere turns, assuming that the mag- 
netic leakage is nil. 


It may be stated, however, that a feaktionel part of the total 


armature ampere turns does not affect the field at all, but. 
simply provides the usual armature leakage lines of flux. 


The 
calculation of the no-load characteristic of alternating 
current generators is exactly the same as that of contin- 
uous current dynamos. It is necessary to determine the 
number of ampere turns which are required to drive a cer- 
tain number of lines of flux through the magnetic circuit 
of the machine, and if this is carried out for different 
values of flux, and the latter plotted in terms of their cor- 
responding ampere turns, it will give the magnetizing 
curve of the magnetic circuit, which is, at the same time, 
the open circuit or E. M. F. characteristic. This result is. 
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due to the fact, that the E. M. F. of the armature of an 
alternator is directly proportional to the flux which cuts 
the armature coils, as expressed in the equation: | 
kxnxZx F, 
E aI 10° ] 
where, k is the form factor characterizing the wave form 
of the E. M. F. and is more or less constant for 
any degree of saturation ; 
n, the number of cycles per second; and 
Z, represents the number of armature conductors 
per phase. 
For any particular alternator these values are constant; con- 
sequently the E. M. F. of the armature depends only on the 
number of useful magnetiec-lines F,. 


166. Useful Flux.—Further, it may be stated, that the ampere 
| turns required to generate a useful flux of F’, per pole are 
expressed in the equation: 
A,=r,xF,xO+rx Fi +r, x F,....(34) 
where, A, is the number of ampere turns or the E. M. F. 
of one pole, 

r, represents the magnetic resistances of the vari- 
ous paths; 

F, the useful flux, which we assume is equal to that 
passing through the air gap and armature 
system ; 

F, X 6, the value of the flux originated in the field 
system, from which we may assume that it is 
constant for all parts of the field path; and 

6, the leakage factor which indicates the ratio of 
the field flux to that of the armature. 


167. Proper Determination of No-Load Character- 
istic.—From Formula (34), it follows, that the proper 
determination of the magnetizing or no-load characteristic 
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depends on the application of the correct magnetizing 
data for the iron material employed. 
This magnetizing data should give the different values of 


permeability for the various magnetic densities, or the’ 


number of necessary ampere turns per inch of iron length; 
and further it must be noted, that the correct value of 
the leakage factor, the values of the different sectional 
areas of the magnetic cireuit and the lengths of the various 
paths should be fixed. 
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MAGNETIC TENSITY. 
Fie. 46.—MAGNETIZATION CURVES. 


Equation (33), shows, that in order to determine the 
K. M. F. curve, a knowledge of the form factor is required, 
provided that the values » and Z are given. 


168. Magnetization Curves.— Magnetization curves ror dif- 
ferent qualities of iron are given in Fig. 46. These curves 
hold good for the examples of machine design under dis- 
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cussion, enabling the caleulated results to be cheeked by 
those of the actual tests. 

In Fig. 46, two sets of curves are given, one of which indi- 
cates the values of the permeabilities for various magnetio 
densities; and the other set shows how many ampere turns 
are required to drive the magnetic lines of flux, corre- 
sponding to the density, through a path length of one inch... 

By the application of the Jatter set of curves, the calculation 
of the necessary ampere turns is greatly facilitated. 


169. Example 22.— Assume, for instance, that the length of 
a pole core is 8 inches and the section of the core 88 square 
inches. Then for a flux of 8.3 x 10° the density in the 

; ; 8.3 10° 7 : 
section will be ae = 94,000 lines per square inch 
and the corresponding number of ampere turns 70, pro- 
vided that the material of the core is sheet iron. 

The ampere turns required in this particular ease for the 
8 inch pole, are 8 x 70 = 560. 


170. Correct Leakage Factor.—The second condition in — 
the proper determination of the no-load characteristic is te. 
caleulate the correct leakage factor. This may be accom- 
plished by the calculation indicated in Par. 155. 


171. Estimation of Sectional Areas.—The proper estima- 

tion of the various sectional areas and the length of 

' magnetic path, is based on the data of average permissible 

densities, on condition of the economical use of material 

and the provision of the necessary space for the copper 
winding. 


172. Assumption of Form Factor.—tThe correct assump- 
tion of the form factor is an important matter, because its 
value varies as much as 50% and more, for the different 
kinds of winding on the armature. 
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For the continuous current dynamo, the factor k is always 
equal to 1, but in alternating current machines, where the 
effective value of the current is different from that of the 
mean current, the form factor varies as above stated. - 

When the wave form of the E.M.F. is sinusoidal, then the 
factor k = 2.22; for a rectangular wave form k = 2; and 
for a wave composed by two inverted quarter sine curves, 
the form factor k = 2.62. 


175. Resultant Wave Form.—The resultant wave form of 
the E. M. F. of a generator depends on the kind of winding 
employed, that is, on the space and distribution of the 
armature coils and on the ratio between the pole are and 


TABLE 14.—-FORM FACTOR “k” FOR DIFFERENT WINDINGS. 


Columns. 1 2 3 4 

Number’ of! Electrically 

slots per} equivalent 

pole and| toa smooth 

phase...... winding.... 3 1 
With  refer- 49, 52. 48. 51 47, 50. 

ence to Fig. 55. 58. 54, 57 53. 56, 
Number of 

phases..... | 1 | 2 | 3 |1land2|1and3/1land2|1land3/ land 2and 3 
Ratio of coil 

breadth to 
‘pole pitch..| 1 4 $ $ 2 + 4 0 

2 4 1.64 | 2.32/2.50| 2.36 2.54 2.45 2.59 2.83 
ad = 

2) 

Sa | # |149/213/2.93| 216 | 2.26 | 218 | 2.30 2.46 
iy a BE 

58! 4  |1.29/1.82]1.96! 1.98 | 2.10 | 2.02 | 212 2 23 
So 
Pes eae ena 

a 1 1116/1 64/176) 1.68 | 1.80 | 1.72 | 182 2 00 
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the pole pitch. Further, secondary influences are: the 
saturation of the teeth and hysteresis in the same. The 
better the coils are distributed, the nearer will the wave 
form be to that of a sine curve. 


174. Form Factor with Long Coils.— For windings with 
long coils as now adopted, Table 14 gives the different 
values of the form factor. 

The definition of a long coil is, that the mean distance be- 
tween the sides of a coil shall be exactly, or approxi- 
mately, equal to the distance between successive poles, 
which is: a+n= T, (see Fig. 42). 


L449. 
Figs. 47, 48 anD 49.—Two-PHASE WINDINGS. 


Column 1 of Table 14 represents the form factor values for 
the symmetrical bar winding, with so many slots per pole 
and phase that the winding is electrically equivalent to 
a smooth winding. . 

‘Column 2 gives the data corresponding to the two and three 
phase windings of the Figs. 47 to 52. The same values 
also hold good for a single phase armature, Figs. 53 to 58, 


100. ALTERNATING GENERATORS AND SYNCHRONOUS MOTORS. 


providing that it is obtained by omitting the phase winding 
of Figs. 47 to 49 or leaving empty the slots of the two 
phases in the Figs. 50 to 52. 


. Fies. 50, 51 aND 52.—THREE-PHASE WINDINGS. 


175. Ratio Between Coil Breadth and Pole Pitch.— 
For illustrating the meaning of ratio between coil breadth 
and pole pitch, take for instance, the value of } column 2, 
Table 14, which is obtained by measuring the pole pitch 
with the 9 slot pitches and the coil breadth by the 2 slot 
pitches, which are located between the 3 coils of one side. 


Figs. 58, 54 aND 55.—SINGLE-PHASE WINDINGS. 


176. Ratio Between Pole Are and Pole Pitch,—As 
regards the ratio of pole arc to pole pitch, it should be 
noted that the values 4, %, Table 14, are applicable 
to the alternate poles of a revolving field type alternator, 
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and 4 and 1 belong to the equipolar magnet system of 
the inductor type generator. 

The data in column 4 is based on the supposition, that the 
width of the slot winding and coil breadth ratio is zero. 
This, however, does not comply with the actual case, but 
still the data is sufficient for practical purposes. 


Fias. 56, 57 AND 58.—SINGLE-PHASE WINDINGS. 


The somewhat lengthy method of determining, graphically, 
the form of magnetie¢ field from which the E. M. F. wave 
form is derived, is only of importance in such a ease in. 
which the intention of a designer is to utilize the material 
to the utmost limit, which of .course leaves no margin for 
discrepancies. 

It should be intimated at this point, that it is not desirable 
to drive the design up to the limit of practical calculations. 


177. Reasonable Pole Are Ratio.—Table 14 indicates 


clearly, that the smaller the pole are ratio, the larger the 
form factor; it is misleading to conclude that it is favor- 
able to work with small pole ares. Generally speaking, 
any decrease in the pole are effects an increase in the 
form factor and also improves the leakage conditions, but 
otherwise it diminishes the area of the air section, which 
is larger than the increase of the form factor. 
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In practice it is found that it is best to keep the pole are 
ratio at about 3 for alternate poles and at about 1 for 
equipole machines. 


178. Example 23.—A 375 KVA. revolving field type, slow 
speed, two phase alternator, with 64 poles, is dimensioned 
as indicated in Figs. 59 and 60. The normal phase voltage 
is 3,000, at a frequency of 50. The armature contains 256 
slots each having 15 conductors. 
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Fig. 59.—375 KVA., 3,000 Vout, 98% RrEvs., 50-CycLE, 2-PHASE 
ALTERNATOR, 


No-Loap CHARACTERISTIC: In order to determine the no-load 
characteristic, the necessary ampere turns should be eal- 
culated for four different degrees of saturation corre- 
sponding to 3,500, 3,000, 2,500 and 2,000 volts terminal 
pressure. 


Form Facror: By means of Formula (33), the different 
values of the useful flux are obtained, but first of all, the 
value of the form factor must be ascertained. 
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In this particular case the number of slots per. pole is 4 and 
the number of slot pitches between the coils of one side is 
1. Consequently the coil breadth ratio is 4; the pole 
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Fic. 60.—POLE PIECE AND SLOT OF THE 375 KVA., 90% REvs., 
2-PHASE ALTERNATOR. 


are is equal to 5; and the pole pitch to 8.3 inches; so that 
the pole are ratio is 0.6 and from the third column of 
Table 14, a form factor of k = 2.34 is obtained by inter- 
polation. 

Substituting these values in Formula (33), we have: 


10° x 3,000 = 2.34 x 50 x 1,920 x F,, 


because the frequency is 50 and the number of conductors 
per phase, 128 x 15 = 1,920. 


UseruL ARMATURE FLUX: With the above data it is found, 
that for the generation of the different E. M. F.’s a useful 
armature flux, F,, is required, as follows: 

F, = 1.56 x 10® lines for 3,500 volts, 

F, = 1.34 x 10° lines for 3,000 volts, 

F, = 1.12 x 10° lines for 2,500 volts and 

F, = 09 xX 10° lines for 2,000 volts. 


Leakace Factor: In order to complete the required data 
it is necessary to ecaleulate the’ leakage factor. 
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On referring to the magnetic circuit, Fig. 42, in connection 
with the dimensions given in Figs. 59 and 60, we have: 
a= 5.6 inches; r= 1.33 inches; 1 = 5.5 inches; 0 = 2.08 
inches; 6 = 0.2 inches; u— 0.2 inches; s = 0.75 inches; 
¢ = 0.63 inches; f — 5.4 inches; n = 2.7 inches; d = 7.37 
inches ; m = 4 inches; and b = 3.95 inches. 

Hence the air gap reluctance from Formula (20) will be 


ee 0,313 0.813 26, 
°"5.6X1.33X5 5, 5.55 6X(0.2+0.38) 9821.5 10% 


2.08X0.2  ° 2.08 X 0.4 


and from Formula (23), a value for the reluctance of 
the field leakage path of: 


xe 0.313 0618 7 
1 4X 0,635.4 ,4X7.37X5.4 43 95X7.387 54+40414 10° 
et Ste 4 Se 7.9 
is found. 


Consequently, in accordance with Formula (26), a leakage 
factor 6 of 1.49 is obtained. : 

If the two other items of Formula (25) are taken into con- 
sideration, a further 6 per cent of 0.49 must be added to o, 
thus making 6 = 1.52. 

Assuming an average constant value for the above degrees 
of saturation, it follows that the field system will carry 
a flux of 


2.37 X 10° lines for an E.M.F. of 3,500 volts, 
2.04 x 10° lines for an E.M.F. of 3,000 volts, 
1.70 x 10° lines for an E. M. F. of 2,500 volts, and 
1.36 x 10° lines for an E.M.F. of 2,000 volts. 


Fietp Ampere Turns: By means of Formula (34), the 
necessary number of field ampere turns may be calculated, 
by fixing the values of the length of the different paths and 
by taking from the magnetizing curves of Fig. 46, the 
values of the ampere turns per unit length of the various 
paths. 


——— = 
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RELUCTANCE OF WHEEL Rim: ‘Take for example the case 
where the useful flux is equal to 1.34 x 10° lines; then 

2.04 * 10° 

2x X 160 
lines per square inch, because the sectional area is equal 
to 160 square inches for which the induction is 6,400, 
provided that the rim material is ordinary cast iron; then 
the ampere turns required to overcome the resistance of 
one inch length is equal to 10. 

As the total length of the rim path e, belonging to one pole 
is 6 inches, the total ampere turns for the rim are equal 
to 10 x 6 = 60 per pole. 


the magnetic density in the wheel rim will be 


RELUCTANCE OF PoLE CorE: The section of the pole core is 
5.4 X 3.95 x 0.96 = 20.5 square inches, and so the magnetie 


; 10° X 
density : : ret = 100,000 lines per square inch 


(approx.). 

The material being sheet iron, the necessary ampere turns 
per one inch length of path — 90, according to the data of 
Fig. 46. 

As the height d, of the pole core = 7.37 inches, the total 
ampere turns belonging to this part of the magnetie circuit. 
=o <°7387 = 663. 


RELUCTANCE OF TEETH: The teeth opposite to one pole shoe 
face offer a section of - STK EX 04 = 2s < L33-xX 
5.5 X 0.9 = 17.5 square inches, for the flow of the useful 
flux of 1.34 x 10° lines; therefore the magnetic density is 
1.34 x 10° 

17.5 
the ampere turns per unit length of path are equal to 30. 

The height 7 of a tooth being 2.16 inches, the toothed path 
requires a M.M. F. of 2.16 X 30 = 65 ampere turns. 

It may be pointed out at this stage, that in the case of a 
small armature bore where the height of the teeth is a large 


= 77,000; and as the material is of sheet iron, 
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percentage of same, the sectional area has to be caleulated 
as the mean value of the top and bottom. sections of the 
teeth. In this particular case the difference is insig- 
nificant. 


ARMATURE CorE RELUCTANCE: The armature core offers a 
section of 6.14 x 5.5 * .9 = 30 square inches and a picnee 
v of 5.5 inches. 
1.34 10° 
2X30 
= 22,400 lines per square inch and the corresponding 
ampere turns per unit length are 4, making the total 
number for the armature core equal to 5.5 4= 22 
per pole. 


The magnetic density in the sheet iron is equal to 


Arr Gap Retuctance: In ealeulating the leakage factor, 
the air gap reluctance has been already found equal to 
26 


lo! xX 1.34 x 10° = 


To = = and from which r, X F, = 


3,480 ampere turns. 


Total AMPERE TURNS PER PoE: The five distinct magnetic 
paths require, in all, a total number of ampere turns 
amounting to 4,310 per pole, when the generated E. M. F. 
of the armature is 3,000 volts. 

By following up the same course of calculation for three 
other degrees of saturation, the curve of the open cireuit 
characteristic is obtained. 

The systematic arrangement of the various data and results, 
Table 15, will be found very useful, as indicated in the 
present example. 


Cuaracteristic Ratio: In Fig. 61, the E.M. F. is plotted 
in terms of the corresponding ampere turns. The follow- 
ing remarks on the form of this open circuit characteristic 
are based on the caleulation of the apparent magnetic 
resistance curve. 
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TABLE 15. 
E.M.F. 3 500 3 090 2,500 2 000 
Armature Flux. 1.56 x 106 1 34 x 10° 1.12 x 10° 0.9 x 104 
Field Flux. 2.37 x 10° 2.04 x 10°} 1.70 x 10° | 1,36 x 108 
3 :| Cast Iron. EI 
3 [as Sa] 7,460/11.5 | 6,400/10| 5,330] 8 | 4260] 6.5 
= | 2 | 160 Sq. Ins. | 3 
e 38 
“ | 25/004” Sheet. | £5 
¢ 1 gs -| © | 116.000} 240 | 100,000] 90 | 83,250/40 | 66,600 | 22 
3 © | 20.5 Sq. Ins. | 3 
3 =a 
= 4 | 0.02’ Sheet. | 22 
e | 3 5 | 90,000] 50 | 77,000} 30| 64,100}21 | 51,300] 13 
= | & |17.5Sq. Ins. | of 
g R£ 
> ro) oo ae | a pee 
= | 25| 0.02” Sheet $3 
ae be 8 wo | 26,100} 4.6 | 22,400] 4/18,700/ 3.4] 15,000] 2.6 
a 30 Sq. Ins. | 3 
| 3 | 22 6 
4 | ak 69 60 48 39 
s | Bm 
e i . 
& a 
re es : 
® 
2/¢8 7.37 . 1,760 663 295 162 
oe) q 
© ad 
3 re) 
M4 nm 
® | 3 2.16 F 108 65 45 28 
a | é B 
a: 5 
2 Bs a 
a | $5 5.5 E 25 22 19 14 
a | 5° 
< 
26 ; 
To ee 4,060 3,500 2 920 2,340 
10+ 
Total Ampere ‘vurus por ure. 6,022 4,310 3 327 2,583 
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The values of these reluctances are indicated by: 


; ae se “2, corresponding to an excitation of 6,020 
ampere turns, 
4,310 — 32.1 


1.34 x 10° 10°’ corresponding toan excitation of 4,310 


ampere turns, 
3,325 — 29.6 


Liz x 10° > 0°’ corresponding to an excitation of 3,325 


ampere turns, and 


yd 9 . itati 
5 a = ; corresponding to an excitation of 2,585 
ampere turns. | 
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SORD CRCUTT? CURRENT LAMPE. 


The curve resulting herefrom gives a characteristic ratio 
72 
R: which is lower than that of a standard alternator, 
where it is about 1.6. 

The greatest iron contribution to the magnetic reluctance 
of the circuit is the wheel rim and pole core, where the 
high saturation does not affect the amount of the iron 
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losses, as practically all these losses are located in the 
armature core, where the magnetization is always varying. 


AmPERE TURNS FoR ENTIRE PoLe System: The values of 
ampere turns previously found are for one pole only; 
therefore, for the entire pole system the total value will 
be equal to 64 x 4,310 = 275,840 ampere turns for a 
voltage of 3,000 at the terminals. 


179. Calculation of Short Circuit Characteristic.—In 
Par. 121, it has been shown that the short circuit char- 
acteristic is represented by the equation: | 

~ Aye = Ay X ks 
where, 
a 4 r. RR 3 
ks = 1 + 7 ‘2 poe pe 
This factor for a wide range of excitation remains constant; 
therefore the characteristic is a straight line and its deter- 
mination is identical with the calculation of the factor ks. 


180. Example 24.—For a practical example, the data of Par. 
178 may be used, from which it is necessary to calculate 
the values of r,, r,, r'. and r', by means of Equations 


(19), (20), (23) and (24). 


SATURATION OF MAGNETIC CrrcutT: As already pointed out, 
the saturation of the magnet circuit with a short circuited 
armature, is very low and corresponds only to the leakage 
flux. In eonsequence of this low saturation, the values of 
the permeability in the pole core as well as in the wheel 
rim, will have comparatively high values, as proved by a 
glance at the permeability curves of Fig. 46. With these 
large permeability values, the items = and - in the ex- 


pression of k, are entirely negligible; therefore k, may 


equal 1 + —: 
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For this particular case r, has been already determined and 
found to be equal to “= — ee 

ArMATURE LEAKAGE RELUCTANCE: The expression of the 
armature leakage reluctance is 


mat 0.313 
2 4XtXlxo ,4xtxr(a+n+o) : 
s\n+a) (a+n)o A ORESAT, 
which gives in the present example a value of 
rag pe 0.313 
* 4X 2.16 X5.5 X 2.08 , 4 2.16 X 1.33(8.3+4+2.08) | 
0.75X8.3 ye 8.3X 2.08 Tee 
0.313 _ 78.5 


~16+74+17 10°’ 
from which the factor k, is equal to 


k. .= 14 25 = 1.33; 


1,000: 
that is, each 1,000 ampere turns of the field produce —~; 33 


= 750 ampere turns on the short circuited armature. 


UseruL Ruutes: If the number of armature turns are given, 
it is very simple to obtain the value of the short circuit 
current, or, if a certain short circuit current be given, to 
ealeulate the corresponding field excitation. 

AMPERE TURNS PER PoE: In this particular ease, the 
normal armature current 62.5 amperes would produce a 
M. M. F. of 1.41 x 62.5 x 64 x 15 = 84,500 total ampere 
turns; this requires, on short circuiting, a total field 
M.M.F. of 1.33 x 84,500 = 112,000, or) = 1,70. 

- ampere turns per pole. 


Suort Crrcuir CHARACTERISTIC: If we now fix the point B,. 
by erecting the normal armature current as an ordinate, 
from the corresponding field ampere turns as abscissa and 
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draw a line through B and the zero point, this straight 
line OV, will represent the short circuit characteristic with 
satisfactory exactness. This operation has been performed 
in Fig. 61, giving the characteristic of the 375 KVA. two 
phase alternator. 

Ratio OF ARMATURE CURRENTS: In conclusion it is inter- 
esting to state that, for this machine, the ratio between the 
normal armature current and the current of the short 
circuited armature, when the excitation corresponds to 
normal open circuit voltage is ee which is equal to 2.46, 
a good commercial value. 


Printed in U. 8. A. 
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THE DESIGN OF ALTERNATING 
GENERATORS AND SYNCHRONOUS 
MOTORS. 


SUMMARY OF PROBLEMS IN DESIGN, 


181. Problems in Design.—The principal problems in 
| design are: 
1, regulation ; 
2, losses or efficiencies ; 
3, temperature rise; 
4, economical use of the different materials; and 
5, the method of arranging suitable space for the wind- 
ings with regard to mechanical safety. 
All these problems are more or less connected with each 
other and their best combination is specified in Pars. 12 
to 19. 
Practice has approved certain compromises in the determin- 
ation of the different items, in order to obtain successful 
designs. 


182. Regulation and Efficiency.—The compromise between 
the items 1 and 4 may be characterized principally by 
the proper choice of the armature ampere turns, or of 
the total magnetie flux 2p X F, corresponding to the 
normal open cireuit pressure. The former, as the copper 
source of the alternator, affects the amount of copper 
required; and the latter, the iron source of the alternator, 
directly influences the amount of iron material. 

It is obvious, that a certain size of alternator with certain 
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qualities may be obtained by different designs, such as a 
design having more iron and less copper winding, or one 
resulting in an ample application of armature and field 
copper, but of reduced iron material. 


183. The Use of a Large Number of Armature Am- 


pere Turns.—Take for instance a particular case where 
an inductive cos P —0 voltage drop of 25% is specified, 
which, as already known, involves a certain ratio between 
the numbers of the armature and field ampere turns. 


A large number of armature ampere turns may be chosen, 


resulting in a considerable amount of field winding. The 
fundamental Equation (33) indicates clearly, that in 
this particular case the number of magnetic lines F,, 
passing through the iron body, will proportionally 
decrease, resulting in a decrease of me volume and section 
of the iron. 


184. The Use of a Small Number of Armature Am- 


185. The Influence of the Length of Mean Turn. 


186. 


pere Turns.—If an armature winding with a small 
number of turns is taken, then the turns on’ the field are 
accordingly smaller, but the amount of iron must be large ~ 
in order to carry the necessary flux, which increases as 
the turns of the armature winding decrease. 


In 
conclusion, it should be pointed out that the reduction of 
one material does not effect a proportional increase of the © 
other. For instance in a certain design where the arma- 
ture turns are reduced to one-half the value, the copper 
in this design will not fall to one-half the amount, because 
with the increasing dimensions of the iron, the mean 
length of a turn is also increased. 


Minimum Material Costs.—For certain specified con- 


ditions a satisfactory division of the copper: and iron 
sources will always be found, so that the resulting copper 


ALTERNATING GENERATORS AND SYNCHRONOUS MOTORS. 115 


material with its high price and the iron with its lower 
price, will give the minimum material costs. 

Of course, these minimum costs will be affected by many 
other details, such as current densities, ete., but the proper 
choice of the total flux and armature turns for a certain 
regulation, is the principal factor of the economical ap- 
plication of material. 


187%. Magnetic Flux and Commercial Regulation.— 
Fig. 62 indicates the different values of the total fiux 
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Fie. 62.—AVERAGE FLUX VALUES. 


; ae “a or ee 
2p X F, in terms of oars that is, in terms of the 


capacity of the alternator per unit revolution. 
This data leads to the most favorable division of the copper 
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_ 


and iron sources as regards commercial regulation, as weil 
as the most economical distribution of material. 

If a higher voltage drop than reasonable is permitted, then 
the total flux may be less than that indicated in Fig. 62. 


188. Example 25.—A 300 KVA. alternator, running at a 
speed of 100 r.p.m. and generating an E.M.F. at 50 cycles, 


should, for the normal voltage, have a total flux corre- 


ye Oe KVA. ait eh 
sponding toro = Sao NW? that is, it has to be about — 


100 x 10° lines. The number of poles being 60, a useful 


0 é 
flux per pole of - x 10° = 1.66 X 10° will be required 


if a reasonable voltage drop and an economical design is 
desirable. 
‘As another illustration, take a 400 KVA., 60 cycles, 600 
r.p.m. machine : 
. . KVA. 400 
In this case the ratio NW 6007> 0.666, and the corre- 
sponding flux value is F, X 2p=52%X10* lines; or 
2 ~ 10° j 
ali sae = : = 4.33 x 10° lines per pole. 
189. Reliable Data for Alternator Design.—The data 
of Fig. 62, together with the fundamental Equation ($3), 
offer the best and most reliable basis for a successful 
alternator design, which can be further assisted by proper 
and skilful ealeulation of the details. In Par. 165, the 
fundamental equation has been given in the form: 


This can be advantageously written in another form, by 
multiplying both sides of the equation with the number 
of phases m and with the normal current in amperes, from 
which, 
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kxmxnxZxCxF, k _Nxp 


mx EX C= 10" =F0'% 0 ——xmxZxCxFf,, 
is obtained, where the value of the frequency n is replaced 
x y 
by the expression 60 L 
Finally, since mX E X C= KVA. X 10°, we have: 
KVA. k = 
WV Semin 2 x CX 2p X xX 20 x 107 (F5) 


190. Choice of Armature Flux.—fFor alternators with 
similar windings and the same pole are ratios, the form 
factor is constant and so there is obtained the expression : 

KVA. | 
| WN = Constant Xm X Z XC X 2p X F, .. (36) 
This equation indicates that with the choice of the total 
armature flux, the number of the armature conductors is 
fixed and it is a simple matter to follow up the right 
course of calculation for other compromises required. 
In Example 25 of Par. 188, Equation ($5) indicates a 
value for the armature ampere conductors, where k is 
assumed to be 2.2, 


3=m X Z X C X 100 X 10° a and m X Z X C = 163,600. 
Or if the machine is three phase, with a phase voltage of 
2,000, then the current C = 50 amperes, m = 3, and the 
163,600 


3X 50 


number of armature conductors per phase = 
= 1,087. 


191. Determination of Bore.—For the determination of the 
most suitable bore of the armature, the data given in 
Fig. 63 forms a sound basis to work upon, and indicates 
the number of armature ampere conductors per one inch 
length of the periphery. 
This peripheral density is defined as 
(Z2C)=mxZx c 


Drei (37) 


. 
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where (Z C) is the symbol of peripheral density ; m = the 
number of phases; Z—the number of conductors per 
phase of the armature; and C = the current in a’ phase 
winding. 

The data of the ampere conductors per inch periphery, in 
terms of the machine capacity in KVA., indicates a com- 
promise between the items 1 and 3 in Par. 181, as the 
choice of the diameter according to the peripheral density 
takes into account the question of the regulation, the pro- 
vision of the necessary cooling surface, and the winding 
space. 


192. Peripheral Densities for Polyphase Machines.— 
Fig. 63 gives good average values for 50 eycle, low and 
medium tension polyphase alternators. For 25 eycle 
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Fie. 63.—AVERAGE PERIPHERAL DENSITIES OF STANDARD POLY- 
PHASE ALTERNATORS, 


machines, the peripheral densities may be about 20% 
higher, and for those of a high tension generator about 
20% lower. The average peripheral densities of single 
phase alternators are approximately 80% of the figures 
given for polyphase machines. 
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193. Example 26. 190, the 300 KVA., 100 r.p.m. 
. alternator, has a total armature ampere conductor value 
of 163,600. Assuming the peripheral density correspond- 
ing to a generator of 300 KVA. capacity, which is 450, 
Equation (37) gives an armature bore of 
163,600 


D= “ 314 144 inches. 


194. Peripheral Speed.—lIt is always advisable to check the 
diameter by calculating the peripheral speed of the magnet 
wheel, which is equal to 


| nF, RL eae Se ee ee (38) 


where D, = the external diameter of the wheel in inches; 
N =the number of revolutions per minute; 
and V = the peripheral speed in feet per minute. 
The value of the peripheral speed indicates the importance 
of safe mechanical dimensions. This data is used only in 
special cases for guidance in the choice of the diameter, 
because nowadays it is not found difficult to cope with 
peripheral speeds as high as 10,000 feet per minute, and 
even more. The peripheral speeds of standard alternators 
vary only within small limits, and on the average it is 
usually 4,500 to 6,000 feet per minute. 


195. Effective Iron Length. 
effective iron length of the armature, it is necessary to be 
guided by the data of average tooth densities for different 
periodicities, which represent a compromise regarding 
the items 2 and 4 of Par. 181. 

The lower the specified efficiency, the higher may the mag- 
netic density be driven, resulting in the length of the 
machine becoming smaller. 


+196. Proportions of Alternators.—In the design of elec- 
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trical machines it is customary to apply the rule 
KVA'X Constant =D? * DX Ne ee ee (39) 


as a guide for the approximately correct proportioning 
of the alternator. 
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Fie. 64.—OutTputT COEFFICIENTS OF STANDARD POLYPHASE 
ALTERNATORS. 


Fig. 64 indicates the values of the constant or factor f for 
various sizes of generators. 


Z 


Fie. 65.—LEADING DIMENSIONS OF ALTERNATORS. 


Table 16, applied to Fig. 65, gives the leading dimensions 
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of standard 50 cycle polyphase alternators, together with 
the characteristics, peripheral speed and factor f. 
The output of the various machines is about 75% of the 


TABLE 16.—LEADING DIMENSIONS OF STANDARD 50-CYCLE 
POLYPHASE ALTERNATORS. 


V; Dimensions in Inches. 
Num-| Num-| vel, in; 


K.V.A.| R.P.M.| ber of | her of] Ft, per f, Output 


Poles.| Slots.| “yin. Coeffic. rN B o | pb L 

25 | 1,000 6 36 | 4,200 | 72 x 10? | 22| 15.84) 8 | 16] 7.00 

50 | 1,000 6 36 | 5.200 | 64 * 27| 19.80} 10 | 20} 800 

100 750 8 48 | 5,300 |; 52 * 35| 26.76) 16 | 27} 9.50 

200 600 | 10 60 | 5,900 | 48 * 50} 37.68) 23 | 38) 1100 

_ 300 430 | 14 84 | 5,900 | 42.5 * 76| 51.60| 37 | 52} 11.00 

500 375 | 16 96 | 6600 | 39 ‘* 82| 66.52! 51 | 67} 11.50 
750 300°} 20 120 | 6600 | 345 ** |102|) 83.45] 68 | 84] 12.00 [ 
1,000 250 | 24 144 | 6,900 | 32.5 ‘* |120| 101.40] 85 | 102] 12.50 | 


figures indicated in Table 16, if they are to supply single 
phase current. 7 


19%. Output Constant.— Table 17 gives the outputs of 


TABLE 17.—OUTPUTS FOR STANDARD 
ALTERNATORS FOR LOW, MEDIUM AND HIGH 


TENSIONS. 
Low and Medium Tension. High Tension. 
Type. 

Volts. Output. Volts. Output. 
1 500 10 KVA. 1 000 8 KVA, 
2 1.000 | ee 2,000 16% -:34 
3 3,000 lead 6,000 ae 
4 3.000 100.0 8 6.000 A Ea te 
5 3 000 200.) 284 6,000 5 | | 
6 5.000 SO 88 10,000: 220 ** 
7 5,000 poo .§ 10,000 400...‘ 
8 .5,000 soe a8 10,000 550 = 
9 5,000 1,000 ‘*§ 10,000 S00... -** 


standard alternators for low, medium and high tension. 
The reduction in the output of high tension machines is 
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directly connected with the reduced winding space inside 

the slot, which has to take more insulation material. 
The skill of the designer and the quality of the insulation 

material considerably affect the output constant.. 


198. The Greatest Iron. Reluctance.—lIt should be noted 
that the greatest iron reluctance should be placed in the 
field iron, as such a part does not contribute any noticeable 
amount to the losses, but gives the regulation a favorable 
knee or bend on the open cireuit characteristic. This rule 


represents a compromise between the conditions 1 and 2, 
Par. 181. 


199. Choice of Density.—The conditions 2, 3, 4 and 5 are 
more or less affected by the choice of the current and 


magnetic densities, for which the average values are given 
in Pars. 88, 89 and 95. 


200. Dimensions of Pole Are Ratio.—lIt is necessary to 
bear in mind that the conditions 1 and 4 are both affected 
by the ratio between the pole are and pole pitch, for with 
a very large pole are, the leakage becomes great and with 
a very small pole are the economy of the design is 
diminished. 

For alternate pole alternators it has been found that a pole 
arc ratio of % is about the most suitable value. 


201. Details of Slots.—In designing the slots care should 
be taken that the slot insulation and the coil should be 
designed so as to avoid driving the tooth saturation too 
high, or making the width of the tooth too small, so intro- 
ducing mechanical weakness. 

Once the leading dimensions are fixed, the choice of the right 
number and form of slots should receive the consideration 
of the designer. 

With regard to the amount of leakage, it is advisable to 
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keep the ratio of slot depth to slot width within the 
limit of 3 to 7. 


202. Height of Pole Cores.—The next investigation, is to 
see if the field winding can be conveniently placed in the 
available space, especially on the bottom periphery. It 
is well to consider that very high pole cores are mechan- 
ically weak, besides possessing magnetic disadvantages due 
to the inerease of the leakage factor. On the other hand, 
in order to obtain a low pole core, it is necessary to use a 
magnet coil of large winding depth, which should, under 
any circumstances, not exceed 2 inches. The latter condi- 
tion is based on the experience that coils with a great 
winding depth are lable to break down, because the 
cooling of the inner turns is imperfect, producing a car- 
bonizing of the insulation material. 


20S. Temperature Rise.—The temperature rise presents 
itself as an important item with regard to the reliable 
working of the generator. In a good design it is easy 
to arrange the electrical details, so that the temperature 
will not exceed the permissible limit. 
The temperature rise in any part of a machine depends (1) 
on the amount of energy dissipated in the form of heat, 
(2) on the specific radiating constant of the material, (3) 
on the effective cooling surface, and (4) on the velocity of 
the air which passes by and around any particular part. 


204. Cooling Surface.—Practice has shown that for station- 
ary armatures, where the losses are composed of those in 
the iron and the armature copper, a cooling surface of 
about 1 to 1.5 square inches per watt loss is a fair figure. 

The following cooling surfaces are to be considered: 
The inner cylindrical surface, equal tol X D xX 3.14; 
the external cylinder, equal to Lx D, X 3.14; 

(D2 — D’) x 3.14. 

4 5 


the two side faces which are equal to 2X 
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and the surfaces inside the ventilating ducts, of similar 
expression as the two side faces. 


205. Temperature Rise in Stationary Armatures.— 
For the calculation of temperature rise in the stationary 
armature, the following formula gives good results: 


WwW : 
i items 0 77 (40) 
where W =th: total amount of the armature losses in 


watts ; 

O,=the value of the cooling surface in square 
inches, calculated as shown in Para- 
graph 204; and 

T, = the temperature rise in Fahrenheit degrees. 

In most cases the application of ventilating ducts every 
3 to 4 inches of iron length will be found sufficient, pro- 
viding that the width of such a duct is not less than 0.5 
inch, and that there is free access left for the air to pass 
through. 


206. Temperature Rise in Rotating Magnet Wheels. 
The cooling conditions in a rotating magnet wheel are 
naturally very favorable, and for average peripheral 
speeds, a specific cooling surface of 0.75 to 1 square inch 
per watt loss dissipated in heat, will be sufficient to keep 
the temperature rise within moderate limits. 

The following formula provides a satisfactory method for 
checking the temperature rise: 
Wn 
T= KX O, (10.0087) "7 | 
in which W,, =the energy loss in watts, which is equal 
to the excitation energy consumed in 
the magnet coils; 

O., =the cooling surface composed of the ex- 
ternal cylindrical surface of the coils, 
and the two sectional areas of the pole 
cores, all measured in square inches; 
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20%. 


208. 


V =the peripheral speed in feet per minute; 
K =a constant which varies somewhat with 
different types of construction. 

T, = temperature rise in degrees Fahrenheit. 

The factor K may be taken equal to 100 when the winding 
depth does not exceed 1.5 inches and for larger coils K 
should be about 120, assuming that the coils consist of 
insulated wire. For flat edge wound strip coils, this 
factor is as low as 85. 

To provide good ventilation and cooling, it is further re- 
quired that the coils should not be too close together on 
the periphery, and that the air gap should not be too 
small. 


Determination of Air Gap.—In the determination of 
the clearance or air gap the amount of necessary field 
ampere turns in the first instance is decisive. 

For a machine of a certain capacity at a certain speed, the 
most favorable amount of armature ampere turns is fixed 
in accordance with the data given in Par. 182. 

From the conditions of regulation, the ratio between the 
armature and field ampere turns is given, so that the 
number of the necessary field ampere turns can be eal- 
culated for the normal open cireuit voltage. As a general 
rule about 75% of the same should be utilized in the 
air gap. 

The exact predetermination of the air gap is not an all 
important condition, as it is easily altered in the workshop 
if required, but one would do well to take a somewhat 
smaller gap for a new type of alternator, so that if any 
alteration is required it simply means the enlarging of 
the same by turning material off the pole shoes. 


Advantages of Large and Small Air Gaps.—The 
application of a small air gap results in the employment 
of a small number of field ampere turns and reduces the 
leakage of the magnet system. 
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In favor of large air gaps, it may be mentioned, that the 
effect of any magnetic dissymmetry is diminished and 
that the eddy current losses are considerably reduced, 
which is of importance where solid pole shoes are used. 


209. Final Determinations.—In summarizing the contents 
of Pars. 181 to 208, it may be mentioned, that for the 
basis of a successful design, the data of Fig. 62 should 
be used, from which the most favorable utilization of the 
iron and copper may be attained. 

The choice of dimensions, the current and magnetic densities. 
and the necéssary mechanical details are then proceeded 
with in such a manner that the specified efficiencies and 
temperature rise are complied with. 

With the object of illustrating the method of calculation and 
to show the adaptability of the empirical data already 
given, the design of actual machines is given hereafter, 
from which the design of various types of alternators 
should be a simple and well understood matter. 


THREE PHASE, REVOLVING, FIELD ALTERNATOR 
DESIGN, 


210. General Specification for Three Phase Alter- 
nator.—A 400 KVA. revolving field type, three phase 
generator, capable of delivering a current of 66 amperes 
at a normal working E.M.F. of 3,500 volts, has the dimen- 
sions indicated in Fig. 66. The alternator, at a speed of 
500 revolutions per minute, generates current at 50 cycles 
per second. The armature is star connected and the wind- 
ing is placed in 72 slots, each slot containing 18 con- 
ductors, which consist of 2 parallel connected No. 9 S.W.G 
wires. The armature coils are former wound and held in 
the siots by means of 0.2 inch thick fibre wedges. The 
coils are properly insulated from the iron by 0.08 inch 
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tuick micanite channels. The winding is of the long coil 
type, similar to that shown in Fig. 51. 

The field system has 12 poles, each carrying a coil of 35 
turns, which is built of edge wound flat copper strips, 
having a thickness of 0.125 inch and a width of 1.125 
inches. The turns are insulated from each other by press- 
spahn 0.02 inch in thickness. The material of the arma- 
ture core is soft annealed sheet iron of 0.02 inch and that 
of the magnet pole 0.04 inch thick, while the magnet wheel 
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Fie. 66.—400 KVA., 3,500 VoitTs, 500 Revs., 50-CycLE 3-PHASE 
ALTERNATOR, 


rim is of ordinary cast iron. The excitation current is 
supplied by a dynamo with an E.M.F. of 30 volts. 

The machine complies with the requirements of Par. 16, 
regarding temperature rise, and for regulation and effi- 
ciencies see the actual test data given in Fig. 67. 


211. Peripheral Velocity.—The alternator running at a 
speed somewhat above the standard, gives a peripheral 
speed of 7,150 feet per minute measured on the external 
diameter of the magnet wheel. 

The periphery is equal to 54.6 X 3.14— 171.4 inches, and 
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according to Equation (388) the peripheral velocity is 
171.4 x 500 
Ce 
Although the velocity is above the average value, there is 
no difficulty in designing the rotating part to have the 
necessary mechanical strength. 


212. Pole System.—tThe poles are fixed to the wheel rim in 
dovetailed tunnels and the projecting part of the pole is 
of ample strength, having a thickness of 1.2 inches. 


= 7,150 feet per minute. 
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Fie. 67.—TEsST DATa OF A 400 KVA., 3,500 VoutTs, 500 Revys., 
50-CycLE 3-PHASE ALTERNATOR. 


The edge wound, flat copper strip magnet coils make a very 
reliable coil system. 


The wheel rim section is large enough to be mechanically 
strong. 


213. Pole Pitch.—The poles are 12 in number and according 


500 x p 


to Equation (7) the frequency = 60 = 50, where 
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p = 6; and the pole pitch is equal to: 
171.44 
12 


= 14.28 inches. 


214. Pole Are Ratio.—tThe length of the pole are is indicated 
in Fig. 66 as 8.75 inches; therefore the pole are ratio is 
found to be: 

B70 
14.28 

which is a standard value. 
The two edges of the pole shoes are well rounded off so that 
the magnetic lines will be less dense on this part than in 


0.61, 


Fie. 68.—PoLE WINDING, 400 KVA., 3,500 VoLts 3-PHASE 
ALTERNATOR. 


the middie of the pole shoe, as such a condition favors the 
sinusoidal wave form. 


215. Winding Details.—The pitch on the external diameter 
of the wheel rim is equal to 
40.1 X 3.14 
12 
where 40.1 inches is the diameter given in Fig. 66. 
The width of the pole core being 6 inches, the smallest 


= 10.46 inches 
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space available for the winding is equal to 

ae — 2.23 inches, 
which is ample for the coil of 1.125 inches in depth . 
together with an insulating spool, A, 0.06 inch thick and 
the protecting metal spool, M, 0.08 inch thick which is 
placed between the pole core and insulating spool, as indi- 
eated in Fig. 68. 

In a radial direction, the magnet coil has a good tight fit, 
as the following calculation shows: 

The total height of the pole is 7.25 inches. The thickness 
of the pole shoe being 1.2 inches there is left a free length 
of 6.05 inches, which is taken up by 35 0.125-inch copper 
strips, by 37 0.02-inch press-spahn sheets and by two 
metallic projecting pieces, C, as indicated in Fig. 68. 


216. Size Factor.—It will be instructive to check the leading 
dimensions of the alternator, by applying the rule given 
in Par. 196: 

The normal output of the machine is 400 KVA. when 
running at a speed of 500 r.p.m.; the bore of the arma- 
ture is equal to 55 inches, and the iron length with its 
paper insulation 9.5 inches; so that the size factor of the 
alternator will be: 

55’ xX 9.5 X 500 
f = 400 a 36 2k 1s, 

This, when compared with the average value given in Fig. 
64, indicates that the design and leading dimensions have 
not been cut too fine. 

This comparison serves simply as a guide and in no way 
decides if the design is economical, or not. 


21%. Distribution of Material.—In order to ascertain ‘if 
the design will give the reasonable features of a com- 
mercial alternator, together with the most favcrable dis- 
tribution of the material, it is necessary, in the first in- 


— 


ALTERNATING GENERATORS AND SYNCHRONOUS MOTORS. 131 


stance, to investigate if the iron and copper sources are 
properly divided. 


218. Normal Magnetic Flux.—<According to Pars. 182 to 
187%, a machine of a certain capacity per revolution should 
have a certain amount of normal magnetic flux, to make 
it a suecessful commercial design. 


>” 
4 


K ' 
In the present case a 0.8, the normal output being 


400 KVA. and the number of revolutions 500. From Fig. 
62, the value of the total fiux for the normal open cireuit 
voltage should be about 55 X 10° magnetic lines; that is, 
5 xX 10° 
the fiux per pole should be about F, = ee = 4.6 x 10° 
lines; while from Equation (33) : 3 
2.3 x 50 x 24x 18 x F, 
10° 3 


2,040 = 


~ which gives 
F? = 4.12 X 10° lines per pole. 

In the above equation 2,040 is the phase E.M.F. in volts; 
2.3 is the value of the form factor corresponding to the 
two slot winding and to the pole are ratio of 0.61, see 
Table 14; and 24 x 18 gives the number of the armature 
conductors per phase. 


219. Actual Flux Value.—tThe actual flux value of 4.12 x 10° 
lines is about 10% smaller than that indicated by Fig. 62; 
consequently it is ceneluded that the number of armature 
conductors has been chosen somewhat higher than usual 
and that the value of the regulation can only be obtained 
by the application of more field ampere turns than is 
usually found in a standard design. 


220. Choice of Lower Flux.—The choice of the somewhat 
lower flux permits the reduction of the iron, but on the 
other hand requires an increase of copper. As will be 
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seen later from the present design, the amount of field 
copper has been kept normal with the consequence of a 
somewhat worse regulation than usual, on a non-inductive 
load. 7 bs 


221. Value of Armature Ampere Conductors.—The 
number of armature ampere conductors per inch periphery 
gives further data on which to criticise the design. 

The normal current of the star connected armature is: 
400,000 
1.73 X 3,500 
The total number of armature conductors in all three phases 
equals 72 x 18 = 1,296, making the number of armature 
ampere conductors equal to 1,296 X 66 = 85,536. 


= 66 amperes per phase, see Equation (5). 


222. Value of Peripheral Density.—From Par. 211 we 
take the value of the periphery as 171.4 inches so that the 
peripheral density is equal to eee —_ 500 per one inch 
armature periphery, which, when compared with the data 
of Fig. 63, will be found a little high. 

After summarizing the results, that the armature copper 
source has’ been chosen somewhat ample and that the 
peripheral speed is higher than the average value, it is 
concluded that the diameter is of a suitable size, as it 
permits the proper placing of the slightly increased arma- 
ture copper and insures a good arrangement for cooling. 


223. Ratio Between Slot Depth and Width.—The 
85,536 armature ampere conductors are to be placed in 
the 72 slots, so that each slot will contain a value of 1,188 
“ampere conductors which, as practice has proved,: will 
permit the application of a properly shaped slot with due 
regard to leakage and correct proportions of slot and tooth 
width. 
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The ratio between the slot depth and width-is equal to 
45 «208 
So are) pate 

which is a good average value. 


224. Arrangement of Wires in Slots.—The 36 No. 9 
S.W.G. wires, each wire. with an external insulated 
diameter of 0.16 inch, are most conveniently arranged 
inside the slots as indicated in Fig. 69. 
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Fie. 69.—SLor WINDING OF THE 400 KVA., 3,500 Votts 3-PHASE 
ALTERNATOR. 


225. Calculation of Slot Width.—The slot width is eal- 
culated as follows: The four wires in one row require a 
space of 4 x 0.16 = .64 inch; the 0.08 inch thick micanite 
tube takes up 0.16 inch. Further, it is necessary to allow 
about 0.04 inch as play and 0.04 inch for the irregularity 
of the assembled stampings, thus making a total width of 
0.88 inch. 


226. Calculation of Slot Depth.—The determination of the 
slot depth is earried out as follows: Nine times the 
diameter of the wire is equal to 9 X 0.16 = 1.44 inches, see 
Fig. 69; the micanite occupies 0.16 inch; for play it is 
necessary to add 0.10 inch, and the fixing wedge requires 
an additional 0.25 inch, thus giving a total depth of 1.95 
inches. In the actual machine a standard slot of 0.9 inch 
by 2.05 inch has been employed. 
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22%. Value of Space Factor.—The available winding space 
is properly utilized, that is, there is no superfluous insula- | 
tion material used, as concluded from the value of the 
space factor, 0.32, where the air section of the slot is 
0.9 x 2.05 = 1.84 square inches and the copper section 


0.586 
2 = 0.52. 
1.84 Ge 


0.586 square inch, which in their ratio 


228. Calculated Cupper lLoss.—Regarding the specific 
utilization of the armature copper, it is found, that for 
66 amperes normal current, a section of 2 X 0.01629 = 
0.0326 is provided in which the current density will be 

66 

0.0326 
average value, corresponding to a_.loss of 10 watts per 
pound of copper, see Fig. 31. 


= 2,030 amperes per square inch. This is a good 


229. Section and Form of Coils.—The necessary section 
of conductor in the present design, is obtained by using 
two No. 9 S.W.G. wires in parallel, as one wire of a large 
gauge will not permit the same favorable slot shape and, 
what is still more important, the winding of such a thick 
wire is a difficult job and would tend to increase the labor 
costs of the armature. 

The slots being open, former wound coils of double cotton 
covered, high conductivity, round copper wire are used. 


230. Average Length of Mean Turn.—For a voltage of 
3,900 between phases and 2,040 volts per phase, it is 
necessary to allow an air distance of about 1.75 inches 
between the coils of any two phases and as much between 
the projecting part of the coil and the nearest part of 
the iron body. Under these conditions the average length 
of mean turn in the armature coils is equal to 77 inches. 


231. Section of Teeth.—In order to check the dimensions of 
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the iron parts it is necessary to calculate the densities in 

the same, and the magnetic induction in the teeth will 

be especially decisive regarding the length of the armature. 

Par. 218, gives a normal armature fiux of 4.12 x 10° lines 

per pole; the section offered to this flux by the teeth is 
8.75 


equal toS x xr x09 = 2 > x 95x15 x 0.9 = 47 


square inches, with reference to Fig. 6€. 


232. Calculation of Teeth Section.—In machines with 
small or medium sized bore, it will be advisable to cal- 
culate the tooth section at the bottom and at the top part 
of the toothed body. In this particular case o on the 


172.4 
inside periphery = eT ites 2.4 inches; and r=o—s= 
1.5 inches. 
: 59.1 X 3.14 
At the top of the teeth, o= - = 2.57 inches, 


and r—=o—s= 2.57 — 0.9 = 1.67; 


so that the average value of tooth section, with r= 


1.5 + 1.67 8.75 
as — = 1.58, is a x 9.5 x 1.58 x 0.9 = 49 square 
inches with an average magnetic density of 
4.12 x 10° 


= 84,000 lines per square inch. 


49 


233. Value of Iron Loss.—This value is about 20 per cent. 
higher than the usual mean density corresponding to 50 
eycles, but it may be considered a good value, as it does 
not cause more hysteresis and eddy current losses than 
5.5 + 1.25 = 6.75 watts per pound of iron. 

The calculation of the losses in this particular case will 
show that a standard efficiency is easily obtained. 


234. Length of Armature.—The effective iron length of the 
armature = 8.6 inches; to this has to be added about 10 
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per cent. on account of the paper insulation between the 
laminations and 4 inch for a ventilating duct, making 
the overall armature length equal to 10 inches. | 


235. Height of Core Above Slots.—The height of the 
armature core above.the slots in the present machine, is 
equal to 8.45 inches and the section 8.45 X 9.5 x 0.9 = 72 
square inches. 
The magnetic density is somewhat lower than the average 
4.12 10° 
2X 2 


value indicated in Fig. 26, caleulating out at 


= 28,600 lines per square inch. 

The low value of the density and the increased height of the 
armature core above the slots, is due to the fact that the 
same stamping, which is a standard size, is used for 
generators with a smaller number of poles and a larger 
flux per pole. 


236. Calculated Iron Loss.—-The loss per lb. of iron is 1.075 
watts, taking both the hysteresis as well as the eddy 
currents into account. 


237. Calculation of Open Circuit Characteristic.—The 
calculation of the open circuit characteristic is the next 
step. After having decided that the dimensions of the . 
armature are not subject to any radical criticism, the 
caleulated no-load curve should then be compared with the 
test results, to enable the calculation of the field turns 
and the determination of the short circuit characteristic 
to be carried out. The different load conditions, with the 
corresponding regulation, may then be discussed later 
with the different losses and efficiencies. 


238. Calculated Leakage Factor.—tThe determination of 
the flux in the field system is made in the first instance 
and therefore the leakage factor has to be fixed. 
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From Equation (26) this factor may be calculated fairly 


exact: 
To 
ae a r, 5 
0.313 
where %”%= 3 
axrxl ax tx (u+5) 
oxo o(u + 0) 
and r= i : 
; ae xf 4dxf, abxd’ 
n m m-+b 
with 
es 0.313 ae OLB. 10": 
° 8.75 1.59.5, 8.79 9.5 X (0.28+0.45) 260-+54 10°” 
2.4X0.2 °~  2.4x(0.28-+0.2) 
eal 0.313 eee 2 a6 
*  4X1.25X9 4X 7.25X9  4X6X7.25° 84-464+15 10°” 
2 ae 5.6 ah 
10 > 
then o=1+ Fe ae 1.22, 


The value 6 = 1.25 is very close to the actual factor. 
In order to determine four points of the open cireuit char- 
acteristic, proceed as in Example 23, Par. 178. 


f 


239. Calculation of Field Flux.—By means of Equation 
(33) it has been found that for the generation of 3,500 
volts between any two phases, a useful flux of 4.12 x 10° 
lines is required, the corresponding field flux being - 
ee Oo HF 1.95 4,12 k 10° — 5.15. 10° lines. The 
useful flux varies proportionally with the voltage; that 
is, for 4,200 volts, 7, = 4.95 x 10°; or, for 3,000 volts, 
F, = 3.54 X 10°, ete. 

Assuming that the leakage factor is the same for various 
degrees of saturation, the corresponding field fluxes are: 
For 4,200 volts, 6.18 X 10°, and for 3,000 volts, 4.42 x 10° 
ete. : 
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240. Various Iron Sections.—The various iron sections of 
the armature have been already determined in Par. 231 
to 235, and the air path reluctance is given in Par. 238. 
The sectional area of the pole core is equal to f X b X .96 
= 9 X 6 X .96 = 52 square inches; and that of the wheel 
rim, g Xh = 15.5 X 3.25 = 50 square inches. 


241. Respective Path Lengths.—The various lengths of 
the paths are taken from Fig. 66 and systematically col- 
lected in Table 18, together with the various sectional 
areas and magnetic densities. ; 

By means of Fig. 46, the value of the ampere turns per 
unit length of the differently saturated parts may be 
fixed, and by multiplying them with the respective path 
lengths, the value of the necessary ampere turns for the 
iron paths is obtained. 

The amount of ampere turns utilized for the air path is 
equal to the reluctance multiplied by the useful flux. 


242%. The Resultant Open Circuit Characteristic.—The 
open circuit characteristic resulting from the calculation, 
will be found in elose accordance with that obtained by 
tests on the actual machine. | 

It should be noted that the greatest contribution to the iron 
path is located in the field system and that the normal 
open circuit voltage is just on the knee or bend of the 
curve, where the ampere turns belonging to the iron path 
are about 25 per cent. of the total value, as 

1.460 5 
5,580 

243. Calculation of the Factor k,.—The determination of 
the short circuit characteristic is very simple. .In the 
first instance it is necessary to calculate the factor k, of 
Equation (15). 

According to Equation (29) this factor can be expressed 
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TABLE 18. 
E. M. F. 4,200 3,500 3,000 2,000 
Armature Flux. 4.95 x 108 4.12 x 10*| 3,54 x 10° | 236 x 108 
Field Flux. 618 x 10° | 5..6 x 10°| 4.42 x 10° | 2.95 x 10° 
. E Cast Iron. | o 
© 3 & | 61,800|320| 51,600 | 190 | 44,200] 130 | 29,500] 60 
a|¢é 50 4 
qd = on 
— Sg aes 
< . Lo fol 
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S| 3 52 ES 
Ae Tie oA 
— amo 
@ | 4 | 0.02” Sheet.| 5 
B | 2 m |101,000| 95) 84,000] 40/72,000| 27 | 48,000] 12 
o |] & 49 =A 
DN ma 
a|¢ Se 
3 8 0.02’ Sheet. A 
3 
3 E 2 | 34,400] 6/ 28,600] 5|24,500] 4|16,400] 3 
] 
me 72 5 
| 4 
2134 4,2 
a | 28 : 1,340 800 B45 250 
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~ 
q n 
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oS. io) 
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31 © 
3. a 
aq Pee.) om) 
F E 8 10 E 60 50 40 30 
a i4 
10 
ro fed 4,950 4,120 3,540 2,360 
10: 
Total Ampere Turns per Pole. | 8,525 5,580 4,430 2,760 
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by. & == 4 +o ~ where 1, , in the present case, gives a 


value of 
5 a 0.313 
2 4X 2.05 X 9.5 X 2.4 , 42.05 1.5(14.44+2.40) | 9. . 
0.9X%14,4 1° 14.4 2.4 : 
0 313 _ 64 


oe 5+6-+ 28.5 ~I08 


“for the reluctance of the field leakage path. 
The air gap reluctance has been found in eis 238 to be 


0 
ta 7 so that the factor k, =1+5 T= 116, which 


feet that if the effective armature men ampere turns 
on short circuit are equal to say 1,000, the corresponding 
pare ampere turns will be k, X 1,000 = 1,160. 

| 

244. The Short Circuit Characteristic.— Suppose for ex- 

ample, the field excitation A, is equal to 2,000 ampere 

| turns, the resulting short cireuit current will have a 
value of 


2p X A,=k, X 2.12 


ZxC en 72xK18 
2 =12 x 2,000=1.16 2.12 32 CS 


Z. 
where 238 the number of armature turns per phase and 


C the short cireuit current per phase, which in this par- 
ticular case is equal to 45.5 amperes. 

This current value erected as ordinate above the excitation 
as abscissa, is one point, B, on the characteristic curve, 
which is a straight line, another point O being the zero 
point of the co-ordinate system. 

It is interesting to note, that the short circuit current corre- 
sponding to the excitation of the normal open cireuit 
voltage is about 1.9 times larger than the normal armature 
current, which is 66 amperes. 
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From the above results it will be seen that the calculated 
and actual test results are very similar. 


245. Determination of Voltage Drop.—The voltage drop 
and the necessary excitation should be calculated for an 


EXCTIATION LV AMPERE TURIS. 
3 a al 
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Fie. °70.—CHARACTERISTICS OF A 400 KVA., 3,500 VoLts, 
50-CrcLE 3-PHASE ALTERNATOR. 


external load having a power factor of 0.8, as the alter- 
nator is intended to work on a power cireuit. In 
accordance with the method developed in Pars. 130. to 
154, the curve of the square of the apparent magnetic 
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! resistance is to be determined and the graphical solution 
earried out as in Fig. 70. 


246. Actual Drop.—For cos p= 0.8 inductive full load, a 


700 : : 
voltage drop of 3.500 — 20 per cent. is obtained; and for 


: 30 

a non-inductive full load the voltage drop is equal to 3.500 
= 8.6 per cent., which is somewhat larger than the average 
value and has been already predicted in the preliminary 
criticism of the design. 


24%. Calculated Excitation Current.—From Fig. 70 it 
follows that if the armature carries a cos Pp = 0.8 lagging 
current of 66 amperes, the excitation ampere turns must. 
be equal to 8,550, in order to maintain the normal terminal 
E.M.F. of 3,500 volts. 

The number of pole turns being 35, the maximum excitation 

8,550 

35 


current required is equal to = 244.5 amperes. 


248. Excitation at Half Load.—In order to calculate the 
excitation losses on inductive half load, the regulation is 
determined for an armature current of 33 amperes. The 
graphical method gives in this ease a field excitation 
of 7,000 ampere turns, or an equivalent current of 200 
amperes.. 


249. Current Density of Field Winding.—The specific 
utilization of the field copper is very satisfactory, as the 
current density for the maximum excitation is equal to 

244.5 
0125 X 1.145 
corresponds to a loss of 7.5 watts per one pound of 
copper, see Fig. 31. The use of edge wound, bare, flat 
copper strips, would permit a slightly higher current 


= 1,740 amperes per square inch area, which 
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density, especially with such a high peripheral speed as 
specified for this machine; but as the resulting efficiency 
is improved, due to the smaller density employed, namely, 
1,740 amperes per square inch, there is no need for any 
alteration. 


250. Length of Field Winding.—tThe length of mean field 
turn is equal to 36 inches; therefore the total length of 
the 12 field coils which are connected in series is 12 X 35 
X 36 = 15,120 inches. 


251. Weight of Field Copper.—tThe sectional area of a 
turn being equal to .125 X 1.125 = 0.1405 of a square inch 
and the specific weight of the copper assumed as 0.32 lb. 
per cubic inch, the weight of the field copper will amount 
to 15,120 x 0.1405 X 0.32 = 680 pounds. 


252. Resistance of Field Winding.—If the hot copper 


are ‘ ; 8 
winding has a specific resistance of i0" ohms for a length 


of one inch with a section of one square inch, the resistance 


a : : 15,120 g 2 
of the 12 field coils in series will be equal to 04408 xX ip 


= 0.0865 ohm. 


253. Voltage of Exciting Current.—From Par. 247, the 
Maximum excitation current required is 244.5 amperes, 
which implies a maximum voltage on the field terminals 
of 244.5 x 0.0865 = 21.5 volts. 

The exciter should be capable of supplying a higher voltage 
than above mentioned, because there are additional losses 
in the connecting cables and between the slip rings and 
brushes. A certain margin should be allowed for the 

regulating resistance. 

An exciter with a terminal pressure of 28 volts will be 
found ample to supply the field system of this alternator. 
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| 254. 


255. 


206. 


Temperature Rise of Field Coils.—The maximum 
energy utilized in the field coils will be 244.5? x 0.0865 
= 5,150 watts which will cause a temperature rise of about 
42°F, according to the following calculation based on the 
data in Par. 205. | 

The cooling surface of a coil is composed of the external 
eylindrical surface which is about 

; 6 X (11.6 + 8.6) x 2 = 242 square inches. 

The two iron sections, one next to the pole shoe, and the 
other next to the wheel rim, are equal to 2 X 6 xX 9= 108 
square inches. Therefore, the total cooling surface of 
all 12 coils is equal to 12 (242 +108) = 4,200 square 
inches. 

According to Equation (41) the temperature rise is equal 
to 

5,150 

4,200(1 + 0.0002 x 7,150) 

During the actual tests of this machine a temperature rise 
of 46°F. was recorded. 


85 X = 42° Ff. 


Length of Armature Winding.—The maximum 
energy utilized in the armature winding is found as 
follows: ; 

The length of mean turn equals 77 inches from actual meas- 
urement; or, if caleulated by means of Equation (12), 

T= 2(10+ 2 X 14.4) = 77.6 inches. 

The number of turns per phase being 12 x 18 = 216, the 
length of the turns which are connected in series will be 
77 X 216 = 16,632 inches, or, that of all three phases is 
equal to 49,896 inches. 7 


Weight of Armature Copper.—Each conductor con- 
sists of two parallel connected No. 9 S.W.G. wires, the 
effective section of which is equal to 2 x 0.01629 = .03258 
square inches; therefore the weight of armature copper 
is equal to 49,900 x 0.03258 x 0.32 = 520 pounds. 
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25%. Loss in Armature Winding.— The maximum current 
density is 2,030 amperes per square inch, so that the 
maximum loss, in accordance with the data of Fig. 31, 
will equal 520 x 10 = 5,200 watts. 


258. Weight of Teeth.—tThe effective volume of a tooth is 
expressed by 0.9X rxX1lxX1= 1.58 X 9.5 X 2.05 X¥ 0.9 = 
- 28.0 eubie inches; so that the weight of all the teeth 
will be 72 X 28 x 0.28 = 570 lbs. where the specific weight 
of the iron is taken as 0.28 lb. per cubic inch. 


259. Loss in Teeth.—<According to Par. 232, the méan tooth 
density is 84,000 lines per square inch, resulting in a 
hysteresis loss of 11 watts at a frequency of 100 and an 
eddy current loss of 5 watts per lb. of iron at a similar 
frequency. 7 

In the present case, the frequency being 50, the specific losses 
are, hysteresis 5.5 = 14+ watts and eddy current $ = 1.25 
watts per lb., thus making in all, a total loss in the teeth 
of 570 (5+ 1.25) = 3,550 watts. 


260. Weight of Core.—The weight of the armature core 

3 above the slots equals 

(76? — 59.1’) x 3.14 

4 

where 76 inches is the external diameter, 59.1 inches the 

internal diameter of the core, and 9.5 inches is the arma- 

ture length which includes the insulation between the 
laminations. 


x 9.5 X 0.9 X 0.28 = 4,300 lbs., 


261. Total Loss in Core.—In Paragraph 235, the corre- 
sponding magnetic density is given as 28,600 lines, which 
implies a loss of 1.9 watts per lb. as hysteresis loss, and 
0.9 watt per lb. as eddy current loss, both figures caleu- 
lated on the basis of a frequency of 100. 

For this machine the hysteresis loss equals 0.95 watt per 
lb. and eddy current loss, 0.225 watt per lh. 
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The total core loss will therefore be equal to 
4,300(0.95 + 0.225) = 5,050 watts. 


262. Total Loss in Armature.—tThe total amount of energy 
dissipated in the form of heat in the armature is equal to 


5,200 + 3,550 + 5,050 = 13,800 watts. 


263. Cooling Surface and Temperature Rise.—With 
reference to Par. 204, the available cooling surface in 
the present design is as follows: 

The external cylinder surface: 76 X 3.14 X 9.5 = 2,300 
square inches; 
the inner cylinder surface: 55 X 3.14 X 9.5 = 1,650 square 
inches ; 
: 76? — 55? 
the two outer side faces: 2 x RRS X 3.14 = 4,300 
square inches; 
and the two faces inside the ventilating duct = 4,300 
square inches; 
making a total cooling surface of 12,550 square inches. 
This gives 0.9 square inch per watt loss, and according to | 
Equation (40), the temperature rise will be: 


13.800 
12,550 ! 
The temperature rise is slightly high, and from all appear- 
ances, it would have been advisable to employ a second 
ventilating duct. | 


75 X ==-82°, FF, 


264. Total Losses in Alternator.—The various losses in 
the alternator under discussion are as follows: 

The friction and ventilation losses are on the basis of the 
data in Fig. 25 estimated at............... 7,000 watts; 
the iron losses have been calculated as....... 8,600 watts; 
the armature copper losses for a phase cur- 

rent of 66 amperes equal.......... ....9,200 watts; 


ALTERNATING GENERATORS AND SYNCHRONOUS MOTORS. 147 


and for half load eurrent, namely, 33 am- 
eee ey Eee. a 1,300 watts; 
the excitation energy of the field coils, when 
the armature carries a cos PY =.8 lagging 
eurrent of 66 amperes, equals.......... 5,150 watts; 
and for a cos P —.8 lagging current of 33 
MON Re Nigro Goat cha VI SK «48 tenses + + 20,400 Watts; 
The total losses for cos P= .8 inductive full load are equal 
to 7,000 + 8,600 + 5,200 + 5,150 = 25,950 watts. 


265. Efficiency. 
will be 


The efficiency at full load, with eos p = .8, 


400,000 
425,95U 
On half load, the total energy loss is 20,350 watts; conse- 
quently the half load efficiency is equal to 
200,000 ~ 
220,350 91%, 
The efficiency at full load, and in particular at half load, 
is slightly better than the usual efficiency of a standard 
machine, see Table 1. The reason for this is, that in this 
particular alternator, the weight of armature copper is 
somewhat more than usual and this variable loss item 
improves the half load efficiency. 


= 94%. 


266. Total Weight of Copper.—tThe weights of material 
used in this particular machine are as follows: 


Armature copper ........... 520 Ibs. 
Bt CODDOD © a sicce cbc deen ae aia 
Total copper used .......... 1,200 > * 
‘ which is less than that of a standard speed 400 KVA. 
alternator. 


This difference is due to the comparatively small number 
of field ampere turns, which produces a higher voltage 
drop than the average value. 


148 ALTERNATING GENERATORS AND SYNCHRONOUS MOTORS. . 


267. Total Weight of Iron.—The total weight of the arma- 
ture stampings is equal toi.icks Dee wes 4,870 lbs.; 
a value below that indicated in Fig. 14. 
The weight of the pole stampings amounts to ° 
12 X (6X 9 X 64+ 1.25 x 9 X 8.75) .X 0.28 = 1,450 Ibs. ; 
and that of the cast iron wheel rim to 


40.1 - 33.) 3.14 X 15.5 X 0.28 = 1,750 Ibs. 


Total amount of iron, 8,070 lbs. 


268. Summary of Results Obtained.—It should be of 
interest to know that the results of the actual tests on 
the machine under discussion agree with the calculated 
results. As close regulation was not specified, so more 
armature turns and less field ampere turns have been 
employed than is usual in a standard design. 

The copper is used economically, but it was impossible 
to dimension the armature iron in the most advantageous 
way, as the free choice of the designer was affected by the 
condition that he had to employ existing armature 
stampings with a somewhat excessive height above the 
slots. The tendency was to save material and a slightly 
smaller iron length has been applied, so that the tooth 
density with the same iron losses became slightly higher. 

In order to approach a standard design, the alternator 
should have less armature ampere turns, but more field 
ampere turns, which could have been effected by a slight 
increase of the air gap. Further, the armature would be 
longer and the core height smaller. 


DESIGN OF A LOW SPEED, REVOLVING FIELD 
TYPE, TWO PHASE ALTERNATOR. | 


269. General Specification of Alternator.—The dimen- 
sions of the flywheel type generator under discussion are 
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270. 


271. 


given in Figs. 59 and 60. The normal output of this 
two phase alternator with two independent armature 
phases is 375 KVA., when running at a speed of 933 per 
minute and generating a phase current of 624 amperes at 
50 eycles, with a terminal voltage of 3,000 volts. 

The armature is two phase wound and the winding is placed 
in, 256 slots, each slot containing 15 eonductors, and each 
conductor composed of two parallel connected No. 9 
S.W.G. wires. The coils are placed inside the open slots 
which are insulated by a 3x inch micanite tube. The 
type of winding employed is the one given in Fig. 48. 

The magnet system consists of 64 machine wound coils, the 
size of conductor being No. 1 8.W.G. double cotton cov- 
ered round wire. The number of turns per coil is 80. 

The material of the armature core is 0.02 inch soft annealed 
sheet iron, that of the pole pieces 0.04 inch stampings, 
and the wheel rim is made of ordinary east iron. 

The generator is driven by a direct coupled steam engine 
and has to work in parallel with other machines of 
similar design, while supplying current to a power circuit 
of cos Pp = 0.8. 


Determination of Wheel Diameter.—The wheel 
diameter has been determined with particular regard to 
the provision of the necessary space for the magnet wind- 
ing and the application of the flywheel effect in the magnet 
wheel itself. aa 


Flywheel Effect.—The engine makers specified in this 
particular case a flywheel effect which is equal to W X D? 
= 2,200 tons feet square, where W equals weight of re- 
volving part in tons, and D the diameter in feet. 

This condition is in the present case complied, with, as the 
total weight of the magnet pieces and coils is 3.25 tons, 
and their gyration diameter is 13.5 feet; consequently the 
flywheel effect of this part is equal to 3.25 X 13.57 = 590 
tons feet square. 
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The weight of the cast iron rim together with the arms is 
about 12.5 tons, and the diameter 11.75 feet, so that the 
flywheel effect in this particular part is equal to 12.5 x 
11.75? = 1,730 tons feet square; from which a total effect 
of 2,320 tons feet square is obtained. 


272. Peripheral Speed.—The peripheral speed at the ex- 
ternal diameter of the magnet wheel is 


‘169 X 3.14 X 93.75 
2 1D = 4,150 feet per minute, 


which is much lower than that of a standard speed alter- 
nator of the same capacity. 

In the present case, an increase of the diameter would be 
disadvantageous from an electrical point of view, as well 
as with regard to the economy of material and to the 
mechanical construction and strength of the machine. 


273. Winding Space.—tThe following calculation indicates 

that there is ample room for the necessary field winding. 

The periphery on the bottom of the coils is equal to 

153 X 3.14 = 480.4 inches; so the available space for one 

480.4 3.95 

a: ee 
eoil depth is 1.5 inches. 


eoil side is = 1.78 inches, and the total 


274. Number of Poles.—The number of poles is equal to 
93.75 X p ; 

60 

The value of the pole pitch is 
Dx a __ 169 x 3.14 


= 50 where 2p = 64. 


= 8.29 inches. 


64 64 
| 45+ 5.6 
Fig. 60 gives a pole are of ae = 5.05 inches, so that 
é 5.0 
the pole arc ratio will be er = 0.61. 


8,29 
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The edges of the pole pieces are cut in order that, ag far 


as possible, a sinusoidal wave form may be obtained, see 
Fig. 71. 


275. Output Coefficient.—The output coefficient of this low 


169? * 5.5 K 93.75 
—_ x 10? 
395 40.4 X 10%, 


which agrees with that of a standard machine, see Fig. 
64; but in spite of this fact the amount of material in 


speed polyphase alternator is 


rth 
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Fie. 71.—PoLe WInpING, 375 KVA., 
3,000 VouTs 2-PHASE ALTER- 
NATOR. 


Fie. 72.—Stor WInp- 
ING OF THE 375 KVA., 
3,000 VoLTs 2-PHASE 
ALTERNATOR. 


the low speed machine will be found much in excess of 
that in a standard machine. 


The difference is especially noticeable in the amount of idle 


material, such as the extra weight of material in the cast 
iron frame. 


2%6. Normal Total Flux.—With regard to the basis of the 


most economical division of the active iron and copper 
material, we find that the normal flux is about 27 per 
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KVA 
cent. less than indicated in Fig. 62, as the ratio = 


N 
375 
pe = 4, requires 115 x 10° = 2p XF, fiux, while the 


actual flux, Fig. 62, is 64 < 1.34 x 10° = 86 X 10°, see 
Par. 178. 


27%. Useful Flux Per Pole.—In Par. 178, the calculation 
of the no-load characteristic of this machine is given, and 
with a form factor of 2.34 the normal useful fiux per 
pole is equal to 1.34 x 10°, which corresponds to 3,000 
volts open circuit voltage. 


278. Peripheral Density.—The full load current per phase 
375,000 

7 2 x 3,000. 
and the number of armature conductors 256 X 15 = 3,840. 

From this, the value of the armature ampere conductors is 
3,840 X 62.5 = 240,000, which results in a peripheral den- 


240.000 ‘ : 
sity of . = 454. This value is equal to that in- 


of the armature works out to be = 62.5 amperes 


109.4 X 3.14 
dicated in Fig. 63. 


279. Particulars of Slots.—The armature winding is placed 
in 256 slots and the coils are arranged as shown in Fig. 
48. The slot dimensions in Fig. 60 give a ratio of about 
2.9 between the slot depth and width. As this value is 
very close to the specified limit, a fairly high armature 
leakage will be found. 
The number of ampere conductors per slot in the present 
240,000 
256 = 937. 


case, is equal to 


280. Space Factor of Slots.—Each conductor consists of 

two parallel connected No. 9 8.W.G. wires, so that each 
slot has 30 wires which are embedded in the slot, as indi- 
eated in Fig. 72. 
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The thickness of the micanite insulation is 3°5 inches and 
from these particulars the space factor may be found. 
The copper section in one slot is 30 < 0.1629 = 0.4887 square 

inches; the total area of a oe section is 2.16 X 0.75 = 1.62 


49 ; 
square inches; and the patio. 2 = 0.3 is the space factor. 


1.64 
It should be noted that this factor is in accordance with the 
average data given in Fig. 9. 


281. Current Density in Armature Winding.—The 
eurrent density of the armature winding in this particular 
case points: to the successful utilization of the copper 
section. 

The normal current Hane 62.5 amperes and the sectional 
area of the conductor 2 x 0.01629 = 0.03258 square inches, 


62.5 
it follows that the current density will be=—~... 0.03258 — = 1,940 


amperes per square inch. 


282. Length of Armature Winding.—T 
mean armature turn has been found from actual measure- 
ments on the machine in question to be 44.4 inches, which, 
when expressed by Equation (12), would read 2(6 X 1.95 
X 8.29) = 2 X 22.2 = 44.4 inches, so that the projecting 
length of idle copper length per turn is 1.95 X 8.29 = 16.2 
inches. 

The product of length of mean turn and the number of 
turns per phase will be 44.4 x 64 x 15 = 42,500 inches, 
the total length of the series connected turns per phase. 


283. Resistance and Weight of Armature Winding. 


—The hot resistance of each phase winding from Equation 
42.500 : 

(11), is equal to —~—. 0.03258 X 7 —, = 1.04 ohms; 

therefore the energy loss in ie armature winding Singonts 

to 2 X 62.5" X 1.04 = 8,200 watts, at the normal load of 


62.5 amperes per phase. 
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284. 


285. 


286. 


The total weight of armature copper is equal to 
2 X 42,500 X 0.03258 x 0.32 = 885 lbs. 


Teeth Density.— With regard to the specific utilization 
of the iron material, we find in Par. 178, a magnetic 
density in the teeth of 77,000 lines per square inch, which 
is a good average value, see Fig. 27. 

The density in the armature core above the slots has been 
calculated as 22,400 lines and is a comparatively low value. 


Weight of Armature Iron.—tThe total weight of the 
armature iron is composed of, 
the weight of the teeth, 
256 X 5.5 X 1.33 X 2.16 X 0.9 X 0.28 = 1,020 lbs., 
and the weight of the armature core, 
186° — 173.77 
4 
_ from which we obtain a total of 5,860 Ibs. 
This value does not compare favorably with the data in 
Fig. 14, though the output factor is found equal to that 
of a standard machine. 


3.14 x 5.5 x 0.9 x 0.28 = 4,840 lbs.; 


Losses in Armature Iron.—The iron losses in the 
different parts of the armature are as follows: 

The hysteresis loss per lb. of material in the teeth with a 
magnetic saturation of 77,000 lines, will, in accordance 
with Fig. 29, be equal to 9.6 x = = 4.8 watts, for a 
periodicity of 50. 

Under the same conditions, the eddy current losses are 
1.05 watts per lb. of material, so that the losses in the 
teeth amount to 1,020 x 5.85 = 5,960 watts. 

The armature core, with its low degree of saturation, has 
the specific losses of 0.65 watts per pound in the form of 
hysteresis and 0.12 watts loss due to the eddy currents; 
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consequently the total core loss will be 
4,840 x 0.77 = 3,740 watts. 

It will be noticed, that in the present design the iron losses 
in the teeth are far in excess of those in the core, which 
is to be considered an unfavorable method of dissipating 
the energy loss in the form of heat. The amount of the 
total iron losses is very close to the utmost limit of the 


usual values. 


287. Temperature Rise.—With regard to the temperature 
rise of the armature body, we find for the total energy 
waste of 

8,200 + 5,960 + 3,740 = 17,900 watts, 
a cooling surface composed of an 
internal cylinder of 169 x 3.14 X 6 = 3,150 sq. in.; an 
external cylinder of 186 X 3.14x6=3,500 ‘‘ ‘“‘ ; 


8a?—169, 4? 
two side faces of 2 x : , ft x 314 = 9,200 “ ** sand 
two faces inside the air duct of 9.200 °° «** 


a 


offering a total cooling surface of 25,050 sq. inches. 
From Equation (40) a temperature rise of 
T, —15 x 66055 — 54°F. is obtained, 
which, compared with the actual measurement, is found 
somewhat low, especially around the teeth and winding, 
where the greater part of the losses appear. 


288. Flux in Field System.—For the determination of the 
flux in the field system and calculation of the open cireuit 
and short circuit characteristics, refer to Pars. 178 and 
179, in which are found the value for the leakage factor 
o=—1.52 and for the constant k,=1.33. Such high 
values are to be anticipated in the ease of alternators 
with a great number of poles and small iron length. 

The normal density in the pole core has been found equal 
to 100,000 lines, which is a favorable degree of saturation 


156 ALTERNATING GENERATORS AND SYNCHRONOUS MOTORS. 


to obtain a satisfactory knee or bend in the open char- 
acteristic curve. 


The wheel rim contributes very few ampere turns to the 
required amount, as the sectional area has been fixed ex- 
elusively to obtain the specified flywheel effect. 


LACITATION IN AMPERETURNS:. 
2000 4000 


‘ 
‘ 


TERMIWAL “PRESSURE IW VUTS: 
: 


o 


ooee 
----" 
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Fig. 73.—CHARACTERISTICS OF THE 375 KVA., 938 REvs., 
50-CYCLE 2-PHASE ALTERNATOR. 


289. Field Ampere Turns. 


The maximum number of field 
ampere turns can be fixed, by determining the regulation 


of the alternator for cos g=0.8 inductive full load, as 
the generator has to supply current to a power circuit. 
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2 90. 


292. 


293. 


In Fig. 73 the test data of this generator is given, which 
indicates a cos PY = 0.8 inductive drop of 550 volts and 
a maximum excitation of 5,660 ampere turns per pole. 


Current Density in Field Winding.—The number 

of turns per pole being 80, the maximum excitation 

5,660 

80 

The field winding consists of No. 1 S.W.G. wire, which has 

a sectional area of 0.07069 square inch, so that the 

70-75 

0 O07: 69 

= 1,000 amperes per square inch. This value is a very 

liberal one, as seen from the ealeulation of the tem- 
perature rise in the field coils, see Par. 293. 


Length of Field Winding.—The length of mean field 
turn measured from the drawing, Fig. 71, is 28 inches; 
_ therefore the total length of the winding of the 64 coils 
is equal to 64 <X 80 X 28 = 143,360 inches, which represents 


143.360 8 
0.07069 * lu’ Aue ohms. 


current will be = 70.75 amperes. 


maximum current density in the wire will be 


a hot resistance of 


Excitation Voltage.—For the maximum excitation of 
71 amperes, the terminal pressure on the field winding 
must be 71 X 1.62 = 115 volts; or, taking into account 
the various losses in the brushes and connecting eables, 
an exciter voltage of 125 volts will be found sufficient. 


Temperature Rise in Field Winding.—tThe totai 
weight of field copper is equal to 
143,360 x 0.07069 x 0.32 = 3,250 Ibs., 
and the maximum energy required for same is 
71? x 1.62 = 8,200 watts, ° 
for which there is a radiating surface composed of the 
external cylindrical surface of 
64 X 7.37 X 31 = 14,500 square inches, 
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and the two iron sections, one adjoining the pole shoe and 
the other the wheel rim, of 
64 X 2 xX 5.4 X 3.95 = 2,700 square inches, 
making a total for the 64 poles of 17,200 square inches. 
According to Equation (41) with a constant of 120, the 
temperature rise will be 
8,200 


17,200(1 +-0.0002 x 4,150) — Be 


120 x 


294. Full Load Efficiency.—For the determination of the 
efficiencies, we have now the following losses: 
The tron losse8.600. Sass ake see eee 9,700 watts. 
watts consumed in the armature winding... 8,200 ‘‘ 
excitation watts for cos Y= 08 full load... 8,200 ‘‘ 
and for the friction and ventilation losses 


we assume ........ oi. ¢ TERRE Ov bane | eee 
making a total of..............- wed tar 32,100 watts. 
The full load efficiency with a power factor of cos Pp = 0.8, 
‘ .000 
will be he 6 09 Sa. 


375,000 ++ 32,100 


295. Half Load Efficiency.—For half load, that is, when 
the armature winding carries 31.25 amperes, with a power 
factor of cos Pp — 0.8, the armature loss will be 2,050 
watts, and the excitation power 6,000 watts, while the iron 
and friction losses remain practically unaltered; conse- 

187,500 
187,500+-23, 750: 


quently the half load efficiency is equal to 
= 89 per cent. 


296. Relative Weights of Iron and Copper.—With | 
reference to the data of Table 14, it is interesting to 
compare the various weight items of low speed and 
standard alternators, of equal output. 


s 
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297%. 


In Par. 283, the weight of armature copper is 885 lbs. 
BE SE. ARG: pe Oa 4s 4 stampings is 5,860 ‘‘ 
Ear Tearin sees" ‘<  ** field copper is 3,200 °° 


Against these values, the standard type of alternator shows 
much lower material weights, the total amount of copper 
DEMERS A, CRU Pht bck Oi eR eV Kala ae obo we 1,500 Ibs. 
while the armature stampings only amount to 3,750 Ibs. 

It may be pointed out, that the weight of the iron could 
have been reduced by decreasing the height of the arma- 
ture core. 


Weights of Low Speed Alternator.—A comparison 
is not possible between the castings and auxiliary parts, 
as in the present ease the flywheel weight is placed in the 
magnet wheel; therefore it is preferable to give a detailed 
list of material for a low speed alternator as an example. 

The armature consists of : 


Cast iron shell and shield rings.......... 12,880 pounds 
BEMMMDMEE CMLOMDINGS 5 oo. 6 lk ee le ee ws we a,380) °° 
TATETALIS oo ere'S nv ala eleicale dee 8 we ot, ad 
0) ee 896 ‘* 
micanite insulation and hard wood fixing 
TS SSSR, els eae. eer ae i. ans 
terminal board, brush gear and name plate 1,120 ‘‘ 
lg date aa oe SS, ED aR) on ep Suerte - * 


The magnet wheel consists of : 
Cast iron flywheel (rim, hub and arms)... 32,480 pounds 


MINING: 5 6 eddie se Wis eee soe ee ee 3,584 ‘* 
bolts and steel wedges for fixing the poles. 2,128 ‘ 
SS IGS 2 aa 3,000 ** 


wrought iron and press board magnet 
bobbins and brass end plates for the 
CT ye a RRS ao) Ea a 392; - ** 


gun metal slip rings and cast iron bracket. $92.- ‘°* 


REE RAL) Ae Yaa 42.9%€ © ** 
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The total weight of the machine is 63,952 pounds, exclusive 
of the shaft and bearings, which for such large direct 
coupled sets are supplied by the engine makers. 

The above figures clearly indicate that the idle material 
of the low speed machines with their large diameter, is 
considerably increased compared with that of a standard 
speed alternator. 


298. Summary of Design.—In conclusion it should be men- 
tioned, that good regulation and efficiencies could have 
been obtained more advantageously by applying greater 
flux and less ampere turns, which would imply a smaller 
diameter and a larger iron length. It was not possible 
to comply with this condition, as the specified flywheel 
effect necessitated a larger diameter. The only improve- 
ment which could be made in this particular design, is a 
slight increase in the flux, so reducing the armature am- 
pere turns, as well as the field turns. With regard to the 
specific utilization of the materials, it should be pointed 
out that the density of the flux in the armature core ought 
to be lower, so making the saturation higher, because the 
field winding could stand a higher current density than 
actually used, see Par. 290.. 


Printed in 0. &. a. 


THE DESIGN OF ALTERNATING 
GENERATORS AND SYNCHRONOUS 
MOTORS. 


DESIGN OF A STANDARD SPEED, REVOLVING 
FIELD TYPE, THREE-~PHASE ALTERNATOR. 


299. General Specification of Alternator.—The gener- 
ator, direct coupled to a high speed steam engine, should 
be capable of delivering 175 KVA. to a power circuit with 
cos P = 0.85. 

- The terminal voltage on the star connected armature has 

to be 220 volts, with a frequency of 40 cycles per second. 

The voltage drop should not exceed 4% on a non-inductive 
full load with cos P =—1, and not exceed 12% on an 
inductive full load with cos P = 0.85. 

The efficiencies should not be less than 91% for inductive 
full load and 87% for inductive half load. 

The temperature rise on any part of the machine should not 
exceed 75 degrees Fahrenheit, provided that the tempera- 
ture of the surrounding air is 65 degrees Fahrenheit. 


300. Engine Speed.—The engine makers state that the ap- 
proximate highest speed they can run their engine of 


175 X 0 85 ; 
0.91% 0.746 ~ 220 H.P. (see Par. 59) is 400 R.P.M., 
which corresponds to a generator with 12 poles (see Equa- 
tion 7). 


301. Armature Stampings.—From Table 16, a diameter 
of about 45 inches would be a standard value, but as the 
next smaller size of stamping, 35.4 inches diameter, is in 


162 ALTERNATING GENERATORS AND SYNCHRONOUS MOTORS. 


stock, we will decide to use it, inasmuch as suitable frame 
patterns are also at our disposal, which may easily be 
altered in width, according to the necessary armature 
length. 

The standard stamping which will be used, has 36 slots of 
the dimensions as indicated in Fig. 74. 


302.—Pole Pitch and Are.—The pole pitch is equal to 


5X 3. . 
° - 3 = 9.18 inches, so that with a pole are ratio of 


0.65 we obtain a pole are equal to 9.18 X 0.65 = 6 inches. 


ta 
. ts % 
5. f: | i 
aie 
Pi In 
3 13h 
ae E ago. es 
: if 


Fie. 74.—175 KVA., 400 Revs., 40-CrcLE, 3-PHASE ALTERNATOR, 


For the armature we choose the long type of coil laid in open 
slots, so that the form factor k, of the E.M.F. will be 
2.46 (see Table 14). 


3035.. Armature Ampere Pee tage reference to 


Fig. 62, we find that for a capacity of in = 0.44 KVA. 


per revolution, the most suitable total flux will be about 
43.5 X 10° magnetic lines and the corresponding value of 
armature ampere conductors is equal to 

2.46 


paee.4 a 6 
0.44= (3Z XC) X 43.5 x 10 X Teo x 107 
where 3.Z X C = 49,500, from Equation (35). 
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Now we have to determine whether these ampere turns can 
be placed inside the slots and on the periphery, without 
cutting the insulation of the slots too fine, or driving the 
eurrent density in the conductors too high. 

With regard, to the specified regulation, which in the present 
ease is a stiff condition, the peripheral density should 
be kept within the average value, as indicated in Fig. 63. 


304. Normal Phase Current.—The normal phase current 
175.000 


being 173 x 220° > 460 amperes, the number of armature 
ets mrstloved per phase Will bo <= = 95 
conductors to be employed per phase will be 3759 = 39, 


or the nearest number, which is a multiple of the 12 slots 
available per phase, gives 36 conductors per phase, or 3 
per slot. Therefore, the exact value of total ampere con- 
ductors will be 3 X 36 = 108, and the resulting peripheral 
1°8 X 460 | 
35.4 X 3.14 
per inch, which is a good figure. 


density is equal to = 447 ampere conductors 


305.. Current Density in Armature Winding.—With 
regard to the low tension of the alternator, an insulation 
thickness of 0.045 inch micanite is more than sufficient. 
For the three conductors, the size and shape of the slot is 
most suitable, if one conductor is composed of 8 parallel 

connected No. 6 8S.W.G. round wires, each having a double 
cotton covering. As indicated in Fig. 75, the wires may 
be arranged in 8 layers. 

The total sectional area of a conductor is 8 X 0.02895 = 


0.2316 square inch; the current density will, therefore, be 


460 
0 > 1,980 amperes per square inch, which is a mod- 


erate value and will assist in obtaining the specified 
efficiencies. 


306. Magnetic Density in Teeth.—The next step is to fix 
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the iron length with regard to the magnetic density in the 
teeth, which is on the average to be 75,000 lines, see Fig. 
27, in order that the losses therein shall not be excessive. 

ison Equation (38), we obtain for the fixed value of £8 ape 
conductors, a flux per pole of . 


127X10° = 2.46X40x36XF, where F, = 3. 6x10° lines, 


so that the effective teeth section under a pole has to be 
3.6 X 10° : 
about 75,000. 48 square inches. 


307. Length of Armature.—tThe expression of the sectional 
area of the teeth per pole is: - XrxXl=q, where r is 


the mean thickness of a tooth. In the present case the 
pole are a, is fixed as 6 inches; the slot pitch 0, is equal 
to 3.09 inches; the bottom thickness. of the tooth is 
9.26 

aoe: .8 = 2.29 inches, while at the top it is 2.7 inches, 
which results in the mean value of 2.5 inches. Conse- 
48 x 3 09 


6 X 2.5 


quently the effective iron length J is equal to 


= 9.85 inches. = Roe 
Now, taking an additional length of 15 per cent. on account 
of the paper insulation between the laminations and as- 


suming two 14-inch ventilating ducts, the overall length 
of the armature will be 9.85 + 1.45 + 1= 12.3 inches. 


308. Magnetic Density in Armature Core.—The 
standard length of the frame provides for 13 inches; 
therefore, we may take the armature overall length as 13 
inches, having in view a pole core length of 12 inches, in’ 
order to make allowance for the useful leakage. 

According to Fig. 26, the magnetic density in the armature 
eore should be about 40,000 lines per square inch. The 
standard stamping offers, with the fixed length, an effective 
section of 5 X 12 x 0.85 = 51 square inches, so that the 
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3.6 X 10° 
2X 61 
which is a satisfactory figure. 
This preliminary calculation indicates clearly that the stamp- 
ing at our disposal is so far suitable for the present ease. 


density will be = 35,300 lines per square inch, 


309. Field Winding Space.—We have now to see, if, for the 
specified conditions of regulation and for the assumed 
armature ampere turns, the corresponding field ampere 
turns will have the necessary space. As already pointed 
out, the bore of the machine is somewhat smaller than the 
usual value, and as the somewhat stiff condition of voltage 
drop requires a larger ratio between the armature and 
field ampere turns than the average one, it is not at all 
certain that the winding space is large enough. To check 
this, it is necessary to make several assumptions and cal- 
culations, which are afterward to be modified if not found 

* eorrect. 


310. Section of Pole Core.—First of all, it is necessary to 
design the pole core section such that its saturation shall 
produce the essential knee or bend in the open circuit 
characteristic curve. In considering that the voltage drop 
is to be small and that the power factor is as high as 0.85, 
it is necessary to drive the saturation of the poles some- 
what higher than usual, which aifords at the same time, 
from a mechanical point of view, the advantage that the 
width of the pole will be diminished, besides affording 
more space for the winding. 

The pole density should be fixed at about 105,000 lines; 
hence, if we assume a leakage factor © of 1.3, the neces- 
1,3°X% 3:6. x 10° 
105,000 baat ia 
44 § ; 
12x06 3.85 inches, 
which we make, for convenience, 3.75 inches. 


sary effective section is equal to 


square inches; and the pole width is 
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311. Voltage Drop.—tThe voltage drop being specified as 4% 
for non-inductive full load and 12% for the cos P = 0.85 
load, with reference to Fig. 5, we may assume a voltage 
drop of 18% for an armature current corresponding to the 
full load, but having a power factor, cos P =0. Pro- 
vided that the normal open cireuit pressure is on the knee 
of the curve the above cos P =O regulation will be 
obtained by making the normal excitation ampere turns 
about 2.75 times greater than the normal effective back 
ampere turns of the armature. . 


Fies. 75 AND 76.—PoLE AND SLoT WINDINGS OF 175 KVA., 
220 VoLT, 3-PHASE ALTERNATOR. 


312. Field Ampere Turns.—The ampere conductors of the 
armature have been ealeulated as 16,560 per phase, so that 
the number of ampere turns per phase is 8,280 and the 
effective back ampere turns will be 2.12 X 8,280 = 17,500, 
see Equation (32). Therefore, the minimum field ampere 
turns corresponding to the normal open ecireuit voltage, 
are equal to 2.75 X 17,500 = 48,000 total, or 4,000 per pole. 


313. Winding Space Available.—For this excitation, we 
will assume a current density of 1,300 amperes per square 
inch of the field winding and a space factor of 0.4; so with 
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sufficient exactness the total area of one side of a coil may 
4,000 


1,300 X 0.4 
inches. Now, if we limit the winding depth to say 1.5 


be taken equal to the value: = 7.7 square 


7.7 
inches, then the height of the coil will be is 5 inches, 


see Fig. 76, from which it will be seen that the available 
winding space is sufficient. 


314, Preliminary Dimensions.—Having ascertained that 
the choice of the iron and copper sources and that of the 
leading dimensions, Fig. 74, will permit the execution of 
a successful design, it is necessary to base the ecalcu- 
lations on the preliminary dimensions as follows: 


STN EDO AUIDALUTE 62,6 fo sb aa sles saree es 35.4 inches; 
external diameter of the armature. ........ ro Aaa eae 
ND ore yc dasa esas 8 ea haces s Wet) s 
SE GD se een ere > ce > ii aa 
overall length of the armature with two 
EMUIPTEIRETOOEN,. Cone csc da eed se mae ee 13 pT a 
EL COEDS Sayer ger airy Sree ger eae 6 tte F 
MNOS UTIL 5 a 5 aca fie anc s «ev see oe vla'e o's ae 
ie SRS S Se TUES Rep ery Senne en 12 vin teen pe 
SUMO MOIONE eke eb ee ete ee 6 : 


The cast iron rim should have a section such that it should 
have a saturation degree which will essentially contribute 
to the number of field ampere turns. 

In accordance with Fig. 74, this section is dimensioned to 
have an area of 3 X 18= 54 square inches, which will 
produce a density of about 43,500 lines per square inch. 


315. Air Gap.—The correct choice of the air gap in the first 
instance will greatly shorten the calculations, and the best 
method of fixing the same will be to determine the normal 
ampere turns of the field, as indicated in Par. 312. As- 
sume that about 70% of the ampere turns are utilized for 
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TABLE 19. 


E. M. F. 260 220 180 140 
Armature Flux. 425 x 108 3.6 x 10° | 2.95 x 10°! 2.3 x 106 
Field Flux. 5.45 x 108 46 x 10°| 3.77 x 10° | 2.95 x 108 
= Cast E ; 
. | £2 | trom. |<! 50 500 | 170 | 42,500] 110 | 35,000| 75 | 27,400| 44 
i ee 3 
a e2 
q 0.04”7 Le | 
~ | 28 | sheet | 85 
@ |g Cet | °= |126,000 | 450 |106,000| 135 | 87,000} 43 | 68,000 | 21 
8 |) 438 -| BE 
S S 5 
a | = | 0.02” | 28 
se) = | Sheet | 32 . 
aoe 3F| 86,500 |. 42 | 73,500| 26 | 60,000} 16 | 47,000! 10 
=z |} 49 | 82 
:>) > - Do > een 
2 u 0.02” | o6 
@ | 23 | Sheet | $8 
= E E e g 41,600 | 7 | 35,300] 6/ 29,000} 5] 22,500] 4 
4 bl |g : 
oa 
Moo | 44 
ea 3.2 545 350 240 140 
mn 
3 : 
& a 
) Zo » 3 _ we 
g | 38 5 é 2,250 675 215 105 
o | bo 
q © 
a a 
g eas 
= FE 3 
6 | 9] 215 | & 90 56 35 22 
a 5 
E a 
® © 
S15, 3 
ie 7 z 50 42 35 28 
EO < 
< | 
ro a 3,400 2,875 2,360 1,840 
Total Ampere Turns 
mae Hoe. 6,335 3,998 2,885 2,185 


the air leakage paths, that is, in the present case, 4,000.70: 
= 2,800 ampere turns. Then, for the first approximation, 
take the air section equal to the product of pole are and 


z= 
“as 
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pole core length, so that the value of air path ampere 

turns may be taken for 

0 X 0.313 

2,800 = ret 

For the particular design in question, the result of the above 

equation will be an air gap © of 0.176 inches. We, there- 

fore, base our detailed calculation on a gap value of 0.15 
inch. 


xX 3.6 X 10° = 6 x 15,700. 


316. Leakage Factor.—For the exact determination of the 
no-load characteristic, we have all the data except the 
leakage factor, which, according to Par. 154, will be 


Tr 8 
Tr it gee = 188; 


since 7,= se wee 
2 12X6X2.29 , 12X6X(0.2+0.4) 10°’ 
3.09 X0.15 3.09 x (0.20.15) 


> Sere 0 313 “35.5 
*4X1X12 ,4X12XK5 | 4X3.75X5 ut" 
| SESS. ae ae 


31%. Characteristic Curves.—In Table 19 the different 
data is collected and four points of the no-load character- 
istic determined. So far the results are satisfactory, be- 
cause the normal voltage comes at the knee and the curve 
part above this point is not too flat; and, further, because 
the value of the normal field ampere turns is close ta 
that which we had in view. For the form of the character- 
istic see Fig. 77. 


318. Short Circuit Characteristic.—To effect the deter- 
mination of the short circuit characteristic the factor ks 
has to be calculated. 

The reluctance 7,’ is equal to 
0.313 _ 47.5 
4X 2.15 12XB.1  4X2.15X2.3X (9.38+3.1) 15 10°” 
0.89.3 9.3X3.1 
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8 


For the factor we find a value of 1 + eS ee Wet = tare 
say, 12—k,. That is, for the eo armature current 
= 17,500 _ 


which represents a back ampere turn value of “7a 


1,450 per pole, the corresponding excitation will be equal 
to 1.2 x 1,450 = 1,740 ampere turns. The straight line 
through the zero and this particular point, B, represents 
the short circuit characteristic, see Fig. 77. 
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Fie. 77.—CHARACTERISTICS OF THE 175 KVA., 400 REVsS., 
40-CYcLE, 3-PHASE ALTERNATOR. 


319. Calculation of Drops.—In Fig. 77, the application of 


the graphical method in determining the non-inductive 
and cos P = 0.85 full load voltage drops, gives satisfac- 
tory results. 
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In the first case, see Par. 299, a 4 per cent. drop is specified 
and in the present design 4 per cent. is obtained. 

In the second condition, the specified drop is 12 per cent., 
whereas the calculated drop amounts to 12.3 per cent. _ 
From the above it is evident that the most difficult part of 
electrical design is successfully achieved and there is no 
difficulty in obtaining the specified efficiencies and temper- 

ature rise, which are simply average values. 


320. Calculation of Field Winding.—In accordance with 
the data of Fig. 77, the maximum excitation per pole is 
equal to Z X C = 5,340 ampere turns; or, total for all the 
poles, 2p X Z X C= 12 X 5,340 = 64,080 ampere turns. 

The field winding has to be calculated for a pressure of 65 
volts at its terminals, in order to obtain the necessary 
maximum ampere turns. ; 

The above condition can be expressed by the deuationa, 
65 = 64,080 7 x = , and 64,080 = 2p X Z X C, where L 
is the mean length of field turn and q the sectional area of 


a conductor. 


321. Section of Conductors.—Assuming a total winding 
depth of 1.5 inches, a rough sketch indicates a length of 
mean turn L, equal to 36 inches; Beye a ye the condue- 


4.0 0 
: = Xx 36 = 0.0285 square 


tor section is equal to g= 


inch. 

The nearest wire to this section is a No. 6 S.W.G. of 0.02895 
square inch. 

For the maximum excitation, we will allow a current density 
of 1,700 amperes per square inch, so that the corresponding 
eurrent will be 0.02895 xX 1,700 = 49 amperes, and the 


0 
= 110, which may be 


number of turns per pole - 


arranged as indicated in Fig. 76, the number of layers 
being 5 and 6 and the total depth 1.4 inches. ' 
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The maximum excitation voltage is 65 volts and the current 
49 amperes, so that the maximum excitation energy will 
be 65 X 49 = 3,180 watts. 


322. Temperature Rise. 
coils is equal to 


The temperature rise in the field 


3,180 


— — ° . 
eae (1-++0.0002 x 3,050)3,660 ES 
. 29 xX 3:14 K 408 
The peripheral speed on the average is — 7) = 


3,050 feet per minute and the cooling surfaces consist of the 
eylindrical surfaces of 12 x 5 X 43 = 2,580 square inches, 
and end faces of 24 X 12 X 3.75 — 1,080 square inches, 
making 6 total OFS soe dvace sce eee 3,660 square inches. 


323. Armature Copper Loss.—In order to investigate the 
heating conditions of the armature it is necessary to calcu- ~ 
late the various losses. The length of mean armature turn, 
as actually measured, is equal to 56 inches, consequently 
the length of all the turns in series is 18 X 56 = 1,008 
inches per phase. 


. étage : 1,008 
The hot resistance of a phase winding will be 3 >< 0.02895 
x - = 0.0035 chm; and, therefore, the maximum arma- 


ture copper loss at full load is equal to 3 x 460? X 0.0035 
= 2,200 watts, in all three phases. 


324. Loss in Teeth.—The weight of the teeth iron being 
36 X 2.5 x 2.15 xX 12 x 0.85 x 0.28 = 580 pounds, and the 
saturation 73,500 lines per square inch, there will be 
an energy loss of 580 (3.5 X 0.6) = 2,370 watts. 


The armature core above the slots has a 
$0.7 80. 5 8.14 x 12 X 0.85.x 0.28.= 2,900 


ft 
pounds; the saturation is 35,300 lines per square inch 


325. Loss in Core. 


weight of 
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and the resulting hysteresis and eddy current losses are 
4.150 watts. 


326. Total Armature Losses and Temperature Rise. 
—The total armature losses amount to 8,720 watts, for 
which the cooling surface is 9,050 square inches, composed 

. of the internal and external cylindrical surfaces and six 


side faces. 
According to Equation (40), the resulting temperature rise 
; 8,720 5 ua. 
is equal to T, = 75 X = 72° F., which is below the 
] 


specified temperature rise of 75° F., see Par. 299. 


32%. Full Load Efficiency.—In previous paragraphs, the 
following losses have been calculated, from which the 
efficiencies may be found. | 


Armature copper loss at inductive full load... .2,200 watts; 
Beene IF00 LOSSES... 0... ok en's viele eee GGR0 75°» -s 
the corresponding excitation energy........ ieee Ses 
and an allowance for the friction and ventila- 

NN IAN ois iho as evn 600% 2)3s0'i Caw wets aeuee sos 

MIE MATOUBL GE 15.5.5 bios 0 oe oes wc wey soe 15,700 watts. 

The full load efficiency, with the total loss of 15,700 watts, 
175,000 


is equal to = 92 per cent., which is 


175,000 + 15,700 
slightly higher than that specified, see Par. 299. 


328. Half Load Efficiency:.—With half load the iron and 
friction losses remain the same as on full load while the 
armature copper loss is equal to 550 watts and the excita- 
tion energy 2,450 watts; this latter value being obtained 
by simple interpolation between the maximum and mini- 
mum excitation losses. 

The half load efficiency, which is not of great importance, 
87,500 
$7,500 + 13 320 


is also satisfactory, being = 87 per cent. 


174 ALTERNATING GENERATORS AND SYNCHRONOUS MOTORS. 


329. Summary of Design.—The regulation of the present 
alternator is better than the average of standard machines. 
The weights of the copper and armature stampings compare 
favorably with those of a corresponding standard gener- 
ator, while the weight of iron material is larger and that 
of copper considerably less. 
The output constant for the alternator in question is- found 
2 » 2 
equal to _ ees sal — ani 34 x 10° 
which points to a successful design, as regards economy 
in dimensions. 


DESIGN OF A 25-CYCLE REVOLVING FIELD TYPE 
.THREE-PHASE ALTERNATOR. 


330. General Specification of Alternator.—The 25-cycle 
300 KVA. three-phase generator, which has to supply a 
power circuit under a line pressure of 500 volts, shall fulfil 
the following, conditions : : 
The power factor of the circuit is assumed to be 0.8; the volt- 
age drop at full load shall not be more than 20 per eent.; 
the full load efficiency must be at least 93 per cent., and the 
temperature rise shall not exceed 75° F. 


331. Speed.—After consulting the engine makers, it has been 
decided to run the alternator at a speed of 375 revolutions 
per minute. The corresponding number of poles for that 
speed will be 8. 


332. Number of Slots.—With reference to Fig. 62, the most 
suitable flux will be found to be about 56 X 10°, the ratio. 
KVA. 

N 


. From Equation (35), the corresponding value of armature: 
ampere conductors is equal to 3 Z X C = 78,000. 
We will allow about 1,000 ampere conductors to be placed 


being equal to 0.8. 
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| 78,000 

in a slot, so the number of slots should be about 000 
3 
78. 

The number of poles being 8 and the phases 3, the possible 
nearest value is 72; therefore, we decide on 3 slots per 


pole and phase. 


333. Conductors per Slot.—The normal current per phase 
300,000 
1.73 X 500 


in the star connected armature is equal to = 346 


Fie. 78.—PoLEe WINDING 300 KVA., 500 Vout, 3-PHASE ALTERNATOR. 


amperes; therefore, the total number of armature conduc- 
78,000 
346 
a multiple of the slot number 72, gives the value of con- 
ductors to be applied, as 216; that is, each slot will 


tors will be = 220, or the nearest figure which is 


Piet UG.” 
recelve ay = 3 conductors. 


334. Size of Bore.—For the choice of size of the bore, it is 
: necessary to consult the data of Fig. 63, which gives the 
average values of peripheral densities. With the fore- 
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going assumptions, we have found that the total number 
of armature ampere conductors will be 346 X 216 = 74,600 
and, allowing a peripheral density of 500 ampere con- 
ductors per inch, the approximate value of the bore is 
equal to a ae — 47.5 inches. If the diameter of the 
wheel, Fig. 78, is fixed as 47 inches, then the peripheral 


speed will be 4,600 feet, which is a good average value. 


335. Dimensions and Shape of Slots.—The dimensions 
of the slots and their shape are to be so designed that a 
high space factor may be obtained. With regard to the 
size of conductor, we assume a current density of about 


Fig. 79.—Stor WINDING, 300 KVA., 500 Voit, 3-PHASE ALTERNATOR. 


2,000 amperes, so that in the present case, & sectional area 
¢ 348 

°F 2,000 

Each slot has to receive 3 conductors; therefore, it will be 
best to use several wires in parallel, to make up a con- 
ductor. It is found that 7 No. 7 8.W.G. round wires give 
the most satisfactory result, as regards the current density 
and slot shape. ; 

A slot with the dimensions of 0.75 inch in width and 1.75 
inches in depth, takes the 21, No. 7 S.W.G. wires, the 0.05 
inch thick micanite insulation, and leaves a margin on 
account of the uneven assembling of the stampings, as 
well as a certain play for the former wound coils. 


= 0.173 square inches is required. 
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336. 


| 337. 


The double cotton covered wires arranged in 7 layers, fill 
0.51 
out the slot, and produce a space factor of iss 38. 
1.75 


The ratio between the slot depth and width is 
see Fig. 79. 


Thickness of Teeth.—The thickness of the teeth has to 
be determined next. 
The internal periphery of the armature is equal to 47.5 X 3.14 


1 
= 149 inches; the slot pitch o is equal to = = 2.07 inches ; 


the narrowest part of the tooth is 2.07 — 0.75 = 1.32 inches 
and the mean thickness will be found equal to 1.4 inches. 


Pole Pitch and Are.—tThe determination of the effec- 
tive armature length is the next step. 

The number of cycles being 25, we will allow in the first 
approximation a magnetic density in the teeth of 95,000 
lines per square inch, which implies a hysteresis and eddy 
current loss of 3.7 watts per pound of iron, this being 
a good average value. 

To proceed in the indicated manner, we have to fix at first, 
the pole are. Provided that the diameter is 47 inches, the 

jal aE ani = 18.45 inches, and 

assuming a pole are ratio of 0.65, the are length will be 

12 inches. 


pole pitch will be equal to 


Length of Armature.—The number of slots per phase 
and pole being 3 and the pole are ratio 0.65, the form 
factor k will be equal to 2.26 and from Equation (33) the 
useful flux is equal to | 

500 


10° X L37 2.26 X 25 X 24 X 3F,., where F, = 7.1 X 10°. 


. F . . . 
The ratio B. indicates that the teeth section under a pole 
t 
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7.1 X 10° ; = 
must be equal to “95,000. = 75 square inehes, and conse- 
é 5 
quently the armature length will be sh 
0.9 X —— 2.07 x 1.4 


= 10.3 inches, including the paper insulation. After two 
half-inch ventilating ducts are provided, the overall length 
may be taken as 12 inches. oto 


339. Height of Core.—For the determination of the armature 
core height, a magnetic density of 47,000 lines per square 
inch should be taken, see Fig. 26, and accordingly the 
iron above the slots will be fixed as 7.5 inches. 


340. Particulars of Pole Pieces.—When designing the pole 
: pieces, the pole shoe height should be taken as 1.25 inches 
and the length of the’ pole core as 11 inches. 
_ Assuming an average leakage factor 9, of 1.25 and a pole 
core density of 105,000, the pole core section should be 
6 
: - = = 85 square inches and the pole width 11x 0.96 6. 
= 8.0 inches. 

The material of the wheel rim in the present design should 
be east steel, with a section of 3.1 by 18.5 inches, resulting 
in a saturation of — = 77,000 lines per square inch. 

For the determination of the pole core height it is necessary 
in the first instance to procure the approximate value of 
the field ampere turns per pole, and calculate the space 
occupied by them. — 


341. Armature Ampere Conductors.—The number of 

total armature ampere conductors has been fixed as 74,600 

and the value of the back ampere turns is.equal to 2.12 x 
12,430 = 26,200. 

With regard to the specified voltage Secs Mebteh is an average 

figure, the value 2.0 is assumed as the ratio between the 
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total field ampere turns, corresponding to the normal open 
circuit voltage and the normal armature back ampere 
turns. Consequently the poles have to provide for 52,400 
ampere turns, or each pole has to carry a normal value 
of 6,500 ampere turns. 


342. Field Winding.—In all probability, the depth of the 
field windirg will be very close to the upper limit of 2 
inches; therefore, we will not allow a greater current 
density than 1,000 amperes per square inch. 

Assuming an average space factor of 0.4, including the 
space taken up by the bobbins and end plates, the 

6,° 00 

1,000 x 0.4 


necessary winding space is equal to = 16 square 


inches. 
Fig. 78 shows that with a pole height of 8.5 inches sufficient 
space is obtained for the winding. 


343. Principal Dimensions.—The principal dimensions of 
the machine in question are as follows: 


MePOrOLOTIIATUTC $s) mo... 6 sepa bev dasenckudess 47.5 inches; 
external diameter of armature core.......... eS 
TAREE Oc Friis nodes o's 9k ¥ ircko o fiw 5 Pele Sv nb ors 
EMP iy Siena 5 G.ss i Dipl e ls Fa ek 4 hae « bo aa 
overall length of armature, including two 

TEE DOES. oo kp ca oo os Pee Cake oe he 12 te 
MRO Ee oc sles saiecee wes oa ole ele'ss 11 a MES 
st og dena Ny la Al a ak eee Wirdateta Weck Bre? Seat 
MUMTO WAGE. ols cole ate vss scga'cdecepee’s 8 Sars 
ON 1) a rr re ret ie: RAR Ode Rot ae 
Memee! Pim feneth. oie lw. tk ee ee Be saaceels 16:0. SSS 

PE TT TINCT E oN pie g die ab dou d' cg ucegeseees ON See 


These dimensions are subject to slight alterations, as detailed 
calculation may require, see Fig. 80. 


(344, Air Gap.—For the approximate determination of the air 
gap, we will assume that the no-load characteristic will 
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take a form such, that for the normal or otherwise mini- 
mum excitation, 70 per cent. of the total ampere turns 
shall be consumed in the air gap. 

In the present case the gap ampere turns will be equal to 
6,500 x 0.7 = 4,550. 

The useful fiux being 7.1 <x 10°, and the air section about 
12 x 11132 square inches, we find that in the first 


approximation, by means of the equation, 6,550 = 


6 xX 0.31 
ae : x 7.1 X 10° the air gap must have a value close 


Te 
s | ° 
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to 0.27 inch. For further calculations it will be taken 
as 0.25 inch. 


345. Open Circuit Characteristic.—In determining the 


open circuit characteristic, the leakage factor © is equal 
to 1.25, because 


i: 0.313 _t4 
AR 182 x11 12 yc L1(0.22-+0.38) 10% 
2.07°° 0.25 °2.07°° 0.22+0.25 


r 


and 
ie 0.313 _ 35 
"4X 1.25X11 , 4X8.5X11 , 4X8.5X8 10" 
6.5 SE aii 


a 
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TABLE 20. 
E. M. F. 600 500 400 300 
Armature Flux. 8.5 x 10° 41 x 10° | 5.7 x 10° |} 4.25 x 108 
Field Flux. 10.6 x 10° 89 x 10°| 7.1 x 10°| 5.3 x 10° 
A. Cast 
oO . 
$2) Steel.| 2 | ¢3.000| 58 | 77,500| 30 | 62,000 | 17.5 | 46,500 | 10 
ae Bm 57 e-| 
S ot 
= aS oe 
2 0 04” 23 
5 hh 
= | 28|Sheet.| S| 120,000] 435 | 105.000|130| 88,500 45 | 62,500 | 1 
9 al) oH 
S eo 
o mm 
$| . | 009”) 23 
& |Sheet.| 33 
HD ae eel £& | 106,000] 135 | 89,000] 46 | 71,000 / 23 | 53,000) 11 
aft a TRE 4 
i 23 
© homo) —s 
3 |e |0.02”| ¢4 
= | 23|Sheet | ¥ 
fe S | 56,500| 14 | 47,300|10/38,000| 8 | 28,500] 6 
E~ 75 
< 
2 ; 
eS| 4 232 120 70 40 
. | Be 
nm 
be ‘ 
A | os = 3,700 380 : 
g|ss| 8.5 | £ 1,100 120 
~ Ay 
© 2) © 
fp a 
is] a 
ae ee 5 
é 3 1.75 c 238 80 40 20 
a fs 
5 2 
{ob} ~ 
a|é., a 
=%| 10 5 140 100 80 60 
EO 
a 
To iy 6,300 5,250 4,200 3,150 
10! , , ' 
gig lag OO ea 10,610 6,650 4,770 3,420 
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The complete calculation of the open circuit characteristic 
is embodied in Table 20, and its result is given in Fig. 81. 


346. Short Circuit Characteristic.—The constant of the 
short circuit characteristic k, will be found equal to 
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4 : eee 
1+ - = 1.12, say, 1.15, r. being calculated as a and 
a 0.313 —6t; 

"4S L75X12X2.07 4X 1L.75X1.32(18.542.07) 4, 10%; 
075X185 LS 5 MSOF oe : 


that is, the normal current will appear in the short 
cirevited armature for an excitation of 26,200 x 115 = 
30,000 total ampere turns, or 3,750 ampere turns per 
pole, see Fig. 81. 


347. Load Characteristic.—The determination of ‘the load 
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characteristie indicates that the specified condition of 
voltage drop is satisfactorily complied with, though a 
reduction of the air gap to 0.24 inch would make the 
agreement still closer. 


348. Particulars of Field Winding.—From Fig. 81 we 
‘obtain a maximum value of field ampere turns per pole 
equal to 10,200 ampere turns, while the corresponding 
excitation voltage on the slip rings is specified as 120 volts. 

For the maximum excitation we will allow a current density 
in the field winding of 1,400 amperes per square inch. 

Therefore, the number of turns and size of wire may be 
calculated as follows: 


uke XX Seed 8 oe R10 ROOMS. 8 0 086s: 
q 1U qd lu 

The length of mean turn is equal to 47 inches, so that the 
conductor section will be 0.0255 square inches, or with 
the nearest standard wire, No. 7 S.W.G., 0.0243 square 
inch. With this value the current is equal to 0.0243 x. 

, 10,200 
34 


120 


1,400 = 34 amperes and the turns per pole to 
== 300. 


349. Temperature Rise.—The resistance of all the coils in 


series is equal to oar x = = 3.7 ohms, and the 
maximum current is 34 amperes; therefore, the maximum 
energy consumption will be 34* x 3.7 = 4,300 watts. 
The temperature rise will be 60° F., as the cooling surface is 
equal to 5,100 square inches, and the mean value of the 


peripheral speed, 3,500 feet per minute. 


350. Armature Losses.—The armature winding has a length 


of mean turn of 92 inches and a resistance per phase of 


36 X 92 8 
X= = 0.0156 ohm; therefore, with the nor- 


7 X 0.02483" 1U0" 
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mal current, the energy loss will be 3462 X 0.0156 = 1,866 
watts per phase, or 5,600 watts total. 


351. Loss in Teeth.—The weight of the teeth iron is 72 X 11 
x 1.4 Xx 1.75 X 0.9 X 0.28 = 490 pounds, and the normal 
saturation being 89,000 lines per square inch, there will 
be a hysteresis loss of 490 X 3 = 1,470 watts and. an eddy 
eurrent loss of 490 < 0.35 = 170 watts. 


352. Loss in Core.—The weight of armature core is equal to 


66? — 6? 
——_ * 3.14 X 11 X 0.9 x 0.28 = 3,900 pounds. 


The losses due to hysteresis and eddy currents are equal to 
1.15 watts per pound of iron, at a density of 47,300. There- 
fore, the total loss in the core is sc to 3,900 X 1.15 
= 4,500 watts. 


353. Cooling Surface and Temperature Rise.—The 
cooling surface consists of: 
The inner cylindrical surface...... 1,800 square inches, — 
the external cylindrical surface..... 2,400 °° *£ 
pix wide faees: «gos cco seen 9:900, ..* "ss 

making a-total of............. 14,100 square inches. 
From the above the temperature rise will be 
tie 4 shen = 63" 8. 


14,100 


354, Efficiency.—Assuming a value of 5,400 watts for losses 
caused by friction and ventilation, tive full load efficiency 
‘ of the alternator will be 
300.000 
3Uu,00U-+-5, 600-+6, 140-+-4,300-++5,40U 
which is somewhat better than specified, see Par. 330, 
but as there is always a sort of uncertainty in the caleu- 
lation of the same, no alteration should be made in the 


= 93.4 per cent., 
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design, which proves to be in accordance with the speci- 
fication. | 


355. Summary of Design.—The economy in the principal 
dimensions may be indicated by the value of the output 
47.5" X 11 X 3.75 


constant, which is 300 = 31x 10°. 

The amount of copper used in the field is........ 835 Ibs. 
the amount of copper used in armature is...... TT ae 
the weight of the armature stampings is....... 4400 “‘ 


which, compared with the data of Fig. 14, shows the | 
proper specific utilization of the respective materials. 


DESIGN OF A REVOLVING FIELD TYPE SINGLE- 
PHASE ALTERNATOR. 


396. General Specification of Alternator.—This high 
tension single phase alternator must be capable of supply- 
ing a lighting circuit at a frequency of 60. 

The capacity of the machine must be 520 KVA., the power 
factor of the line and transformers ‘being assumed as 
0.95. | 

The working voltage required is 2,800 volts; the voltage drop 
on a non-inductive full load should not exceed 6 per cent. ; 
the full load efficiency should not be less than 93 per 
cent., and the maximum temperature rise in any part of 
the machine should not exceed 80° F. 


357. Arrangement of Winding.—The prime mover being 
a steam engine direct coupled to the alternator, the speed 
is fixed at 300 revolutions per minute, therefore, the alter- 

c 60 x 60 : , : 
nator will have ROW = 12 pairs of poles, which is 
equal to 24 poles. 


With regard to the proper distribution of the winding to 
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obtain a sinusoidal wave form, we take an armature core 
with 6 slots per pole, but only 4 of them to contain the 
armature winding, while two are left empty. The slots 
should be open and the coils former wound. 

The winding applied is illustrated in Fig. 82, and the ratio 
between the coil breadth and pole pitch in the present 
ease is one-half. 

For the pole are ratio we choose a value of 0.6, so that the 
form factor will be equal to 2.2, see Table 14. 


358. Diameter of Bore.—For the choice of diameter of bore 
the data in Table 16 gives in this particular case satis- 
factory values. The 520 KVA., 300 revs., 60-cycle single 


Fie. 82.—Winpine DIAGRAM oF 520 KVA., SINGLE PHASE 
ALTERNATOR. 


phase alternator under discussion, corresponds to a 750 
KVA., 50-cyele polyphase generator, which has a bore of 
84 inches. Taking into consideration that the number of 
poles is 24, against 20 of the polyphase machine, an 
armature bore of 87.5 inches will be found very suitable. 
Neglecting the small difference between the armature bore 
and wheel diameter, the peripheral speed is equal to 
87.5 X 3.14 
12 


300 = 6,850 feet per minute. 


309. Armature Conductors.—tThe division of the iron and 
copper sources may be effected by means of Fig. 62, in 
choosing a flux value which corresponds to an output of 
about 30 per cent. higher than that of the single phase 
alternator. 


ALTERNATING GENERATORS AND SYNCHRONOUS MOTORS. 187 


In the present case a total flux is taken, corresponding to 


as — ='9.95 equal to 87.5 X 10° lines. 

Therefore, the number of armature conductors is equal to 
520 2.2 
— — 6 _aning 
300 = 2 xX C X 87.5 X 10° X i200 x 10" where ZXC= 
108,000. 

. _ §20,0°0 
The normal full load current being 3.800 > 186 amperes, 
108,000 

the number of armature conductors will be rit ioe 580. 


The nearest figure to 580 which is a multiple of 24 x 4= 96 


Fie. 83.—SLot WINDING OF THE 520 KVA., 2,800 Voit, SrIN@LE 
PHASE ALTERNATOR. 


slots, is 96 X 6.= 576, which gives 6 conductors per slot. 
With the above data, the value of ampere conductors per 

one inch periphery works out as the average value of 

576 X 186 

87.5 X 3.14 — es 


360. Particulars of Slots——The number of conductors per 
slot is 6 and the normal current 186 amperes,. so each 
slot will take 1,116 ampere conductors, which, with the 
proper design of the slot, is an easy matter. 

In the determination of the slot form, we have to fix the 
eurrent density in the conductor, the number of wires per 
eonductor and the thickness of the slot insulation. 
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Allowing 0.06 inch micanite slot insulation, 0.02 inch for 
play and a suitable amount for any irregularity of the 
stampings inside the slots, it will be found that a slot 
of 0.85 X 1.85 inches will be ample for the 6 conductors, 
each composed of 6 parallel connected No. 9 S.W.G. wires, 
assuming a current density of 1,900 amperes is square 
ineh, see Fig. 83. 

The total number of slots being 144, the slot pitch is equal to 
87.5 xX 3.14 

144 
tooth is equal to 1.91 — 0.85 = 1.06 inches, while the mean 
thickness is 1.1 inches. 


= 1.91 inches and the narrowest part of a 


361. Length of Armature.—From the basis of the magnetie 
density in the teeth, we optain an armature iron length 
3.7 X 10° : 
of 68 = 13.2 inches, corresponding to 
70,000 xX L$ 5 ee EH 
a flux value of 10° X 2,800 = 2.2 x 60 x 576 X F.,, where 
F, = 3.7 X 10° per pole. 

With the additional 10 per cent. for the paper insulation 
and 1 inch for two ventilating ducts, the overall length 
of the armature will be 15.5 inches. 

According to Fig. 26, the saturation of the armature core 
should be about 30,000 lines and with an iron height of 
4.4 inches above the slots, a density of 32,000 lines per 


square inch is obtained. 


362. Particulars of Pole System.—In designing the pole 
section, we assume an average leakage factor 9 of 1.30, 
that is, the field flux is taken equal to 4.8 X 10° lines, and 
with a pole core density of 105,000, the sectional area will 
be EHO = 45.7 square inches. 

_Allowing 1.25 inches for the useful leakage, the length of 
the core is 14.25 inches and, therefore, the pole width 
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45.7 
14.25 X 0.95. 
The materiai of the wheel rim is cast iron, which must be of 
ample section, of sufficient mechanical strength and so 
designed as to produce the necessary flywheel effect. There- 
fore, to comply with the above requirements, the section 
of the rim should be 20 by 4.75 inches. 

In this particular case there is a suitable die for the pole 
stampings, so, for the sake of convenience, we adopt the 


= 3.5 inches. 


will be equal to 
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dimensions of 3.5 by 8.25 inches. From previous designs 
of the present type of machine it is known that the avail- 
able winding space is ample, see Fig. 84. 


363. Ampere Turns and Air Gap.—Corresponding to the 
specified regulation and considering the degree of iron 
saturation, we allow a ratio of 2.5 to 1 between the ampere 
turns of the field and of the armature. 

The value of the armature back ampere turns is 0.9 X 


576 XX 186 
— = 48,500. Therefore, the amount of the total 
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field ampere turns will be 2.5 X 48,500 = 121,250; or, 
121,250 
24 
_Assuming that 70 per cent. of the field ampere turns are 
utilized in the air gap, the latter is equal to 0.7 X 5,050 
— © X 0.318 37x 10°, where 6 = 0.8 inch. 
~ 6.8 XK 14.25 e : 
As the value 6 = 0.25 is very close to the correct value, it 
is used in the calculations of this particular machine. 


= 5,050 ampere turns per pole. 


364. Dimensions of Magnetic Circuit.—The principal 
dimensions of the magnetic circuit are as follows, see 


Pie BS: 
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Fie. 85.—MAG@NETIC Circuit DIMENSIONS OF 520 KVA. , 300 R. P. M,, 
60-CYcLE, SINGLE PHASE ALTERNATOR. 


External diameter of the armature..... 100 — inches 
bore of the armature... :... 5.0.5.7 25.2 87.5 8s 
Slot Widths i405 yon eee een eee OS 
ROE ODE oie ot ps eee ee Pema ye A. 
overall length of the armature, including 

two 14-inch ducts................ 15.6: 
external diameter of the magnet whee).. 87 "3 
pole‘core length fi6:..4c.-34 ele eee 14.25 « 


Puls Bhe Wi Oa eee ee 63.59% 
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OS ESS ce a eae 3.5 inches. 
Dereeinne (Olah). Se ee ek hs Neg 
i 4.75 ‘ 
pprueeborimr fenisth a he wile 20 “ 


365. Leakage Factor.—In calculating the leakage factor, the 
gap reluctance is equal to: 


oe: 0.313 10.2 
tp. 6.8 Ves O6 68. 0.3-+0. 42 10° 
EPS THI 0.95 1.91 0.20.95 
The reluctance of the field leakage path is: 
eae 0.313 ‘Bt 
: oat ,4x7X 14. 25 7 4XTX3.5 10“ 
4X14. 25 6.7 oo 10.2 


or with a slight percentage for correction, 1.30. 

In Table 21 the calculated results of the no-load char- 
acteristic are collected. and in Fig. 86 the corresponding 
eurve is shown. ] 


366. Short Circuit Characteristic.—The constant of the 


ES ee eee r 
short circuit characteristic is equal to k, = 1 tas = 2.16, 


2 


: 10.2 
say, 1.2, where r, is equal to —, and 


10°? 
Et 0.313 _ 63 
2 4X 1.85 14.5x | D1 4X1. .85X 1.1 (11.441. 91) | 93 10° 
11.40.85 ll.4xX1 91 


Therefore, the field ampere turns which correspond to the 
normal short circuit current are 49,500 x 1.2 = 59,500 
9.500 

24 


total, or = 2,500 ampere turns per pole. 


367. Current Density in Field Winding.—The graphical 
method of determining the voltage drop gives a satis- 
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TABLE 21. 


E. M. F. 3,200 2,800 2,000 1,000 
Armature Flux. 4 25 x 10° 3.7 x 106 2.65 x 10, 1.32 x 106 
Field Flux. 5.5 x 108 4.8 x 10° | 3.42 x 106 | 1.71 x 106 
2 Cast 
25 Tron. | = . | 29,000 | 52 | 25,000 |40|18,000| 27 | 9,000 | 13 
Ae tha 95 | St 
2 g5 
c 004” | 8s 
< | 23|Sheet.| $2 
4} ss! ‘| SS |120,000 | 350 105,000 |130| 75,000} 30 | 38,500} 10 
a1 ot ag ee 
3 5 
5) 22 
oF +h 2% 
Z/4 Sheat Ein | 
2 | 3 |OSE’| GE] 83,000 | 40 | 72,500 | 28] 52,000) 15 | 26,000| 6 
2)" 1] 51 | Aa 
g 22 
S| 8] 002” | 28 
3£|Sheet.| 22 36 500 400| 2.5 
3 S| if 8 | 82,000 | 7 | 22,800) 5 | 11, 
BOT 5g | 
<4 
o.3 
28). 55 285 220 120 n2 
te 
oo ae 3 
pole ee a 2,440 910 210 70 
© ®o 
=| aq 
a me 
aie 2 
So} -B 44> pen |e 75 52 28 12 
a|2 é 
q £ 
o oO 
A © e 
oH OBEN Me : 
a5] 6.5 52 45 32 15 
£0 
~ 
< ‘ 
ro ane 4,340 3,760 2,700 1,350 
Totai Ampere Turns 7192 4.987 3,090 1,529 
per Pole. sae : , 
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factory result, see Fig. 86. The maximum number of 
field ampere turns required is 6,000 x 24 = 144,000. 
The excitation voltage is specified as 160 volts. 
The coils, possessing ample winding space, we will allow 
a maximum current density of 1,600 amperes per square 
inch; consequently, the conductor section will be equal to 


160 = 144,000 = x 2 where g = 0.0288 


lu” 
and the length of mean turn, 40 inches. 
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Fie. 86.—CHARACTERISTICS OF 520 KVA., 300 Revs., 60-CycLE, 
SINGLE PuoAsE ALTERNATOR. 


368. Particulars of Field Winding.—The sectional area 
is too small to employ an edge wound, flat strip winding 
so a No. 6 8.W.G. wire, having a section of 0.02895 square 
inch, will be used. 

With the assumed current density of 1,600 amperes per 

square inch, the current will equal 1,600 < 0.02895 = 46.5 

6.000 
46.5 


amperes, and the number of turns per pole will be 


=> 150. 
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369. 


370. 


371. 


372. 


373. 


Temperature Rise.—The hot resistance of all the coils 
in series is 2s * ne - Xx a = 3.45 ohms; and the 
maximum value of excitation energy required will be 
46.5? X 3.45 = 7,400 watts. 

Therefore, the temperature rise will be equal to 7,= 

100 X 7,400 
8,870(1 + 0.0002 X 6,000) 
is equal to 8,870 square inches and the mean value of 
speed, 6,000 feet per minute. 


= 38° F., as the cooling surface 


Copper Loss in Armature.—tThe length of mean arma- 
ture is 77 inches and the resistance of the winding 
48x6x 77_ 8 
6X 0.0162 9° 107 = 0.225 ohms; consequently, the arma- 


ture copper loss for full load is 186? 0.225 = 7,750 watts. 


Tron Loss in Teeth.—The magnetic density in the 
teeth being 72,500 lines per square inch, the loss per pound 
of iron will be 5 watts due to hysteresis and 1.26 watts 
due to eddy currents. 

Therefore, the toothed part of the armature, BT NERS 1 080 
pounds, creates a loss of 6.26 X 1,080 = 6,750 watts. 


Tron Loss in Core.—The weight of the armature core 
_ is 4,900 pounds, and the saturation 32,000. Therefore, the 
iron loss therein will amount to 1.55 x 4,900 = 7,600 watts. 


Temperature Rise in Armature.—The sum of all 
the losses in the stationary armature is equal to 7,750 
+ 6,750 + 7,600 = 22,100 watts, and the radiating surface 
is 21,250 square inches. 

Therefore, the temperature rise will barely exceed 75 X' 


22.100, ‘ 
21 250 3, go 


520,000 


Efficiency.—The full load efficiency is equal to 557,500 
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= 93.4 per cent., after having assumed 8,000 watts for 
friction and ventilation losses. 


375. Summary of Design.—The output constant character- 
izing the choice of the leading dimensions, will be found 
87.5° X 14.5 xX 300 


; — 3 
equal to 520 = 64 X 10°. 

The weights of the active and loss producing materials are: 
eS en ee oes en 1,150 pounds; 
UC) I ey ci! eS miles 
I IIMS oc kc ce et cee 5.960 °° 


This data, compared with that of Figs. 14 and 64, indicates 
that the present design is, on the average, a standard one. 


DESIGN OF A7J INDUCTOR TYPE SINGLE PHASE 
ALTERNATOR. 


376. General Specification of Alternator.—The single 
_ phase alternator in question is direct coupled to a turbine 
running at a speed of 1,050 R.P.M. 
The generator should be capable of delivering 55 KVA. 
_ to a lighting cireuit. 
A terminal pressure of 2,300 volts is required, with a fre- 
quency of 70 per second. 


377. Peripheral Speed.—From the following calculations 
it will be seen that for such a high speed as 1,050 R.P.M., 
an inductor type machine can be obtained with good 
electrical features and which at the same time will prove 

a commercial success. , 

In this particular type of alternator, having simply a revolv- 
ing part of iron, the peripheral speed can be driven much 
higher than in the ease of rotating magnet coils. 

Assuming a peripheral speed of 6,200 feet per minute, the 
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diameter of the wheel D, will be 22.6 inches, where 
14 1, 
6,200 — Dim 3.14 050 
12 
_ Therefore, the value D, of 22.6 inches will be used in the 
design of this particular machine. 


378. Arrangement of Field System.—The frequency being 
70 eyeles per second and the speed 1,050 revolutions per 

‘ ; 0x 60 
minute, the number of poles will be 2p = i 05 na : I 

3 

In this type of alternator, with the armature in two halves, 
each half will be induced by a magnet wheel consisting of 
4 projections, with a pole are covering the whole pole 
pitch. Under the influence of the central magnetizing 


Fie. 87.—WINDING DIAGRAM OF 55 KVA., StIneLe PHASE 
ALTERNATOR. 


coil, all the projections of one half of the wheel will be 
of the same polarity, and if the left hand poles are north, 
the right hand polar projections will have the opposite 
polarity, namely, south. 

The number of closed magnetie circuits in this case is four. 


379. Arrangement of Armature System.—For each half 
of the armature the slots are 24 in number, but only 16 
of them will receive the winding and the others are left 
empty, see Fig. 87. | 

The pole are ratio being equal to unity and the coil breadth 
ratio to 4, the form factor will be 1.6, as the winding em- 
ployed is of the long coil type. 

The two halves of the armature are to be connected in 
series. 
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380. Current in Armature.—With reference to Fig. 62, the 
value of the total flux for this single phase generator is 


12.5 0° 
equal to 2p X F, = 12.5 x 10°, or = : = 3.1 x 10° 
per pole projection, as the ratio KVA. X 1.3 is equal to 


0.065. , 
By means of Equation (35), we find the corresponding value 
of ampere conductors equal to 


55 1.6 


1,050 120 x10" X12.5x10° ZX C, where ZX C=31,500. 


381. Armature Conductors.—The normal armature current 


. _ 55,000 ; 
being = 24 amperes, the approximate value of 
2,300 
armature conductors will be ele 1,310 total, but we 


decide on the multiple of the 2X16 slots, which is 
16 x 2 X 44 = 1,408. | | 
Therefore, the armature ampere conductors are equal to 
1,408 x 24 = 33,800; and the peripheral density will be 
33,800 
2 X 23 X 3.14 
Each slot will contain 44 conductors, and the value of the 
ampere conductors per slot will be 24 x 44 = 1,056, which 
is a very reasonable figure. | | 


= 237 ampere conductors per inch. 


382. Arrangement of Slots.—The size and form of the slots 
are 1 inch by 1.75 inches, which provides for 44 No. 11 
S.W.G. wires, including 0.1 inch thick micanite slot insula- 
tion and an allowance for play as well as for the un- 
evenness of the inner surface of the slot. Fig. 88 shows 

the general arrangement of the conductors in a slot. 
The total sectional area of a conductor will be 0.01057 square 


24 
. . : Bk ON 
inch, which allows a current density of 0.01087 2,270 


amperes per square inch. 
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383. Space Factor.—Regarding the space factor, the copper 
section inside a slot is equal to 44 x 0.01057 = 0.465 square 
inch, and the sectional area of the slot is 1.75 square inches, 
which results in a space factor of = 0.265. 

384. Value of Useful Flux.—The normal value of useful 
flux will be found by means of Equation (33); 2,300 = 
1.6 x 70 x 44 X16 X 2X F, where F, = 1.45 x 10° lines, 
providing that the field system is of the alternate pole 
type, but as the coils leaving a pole enter the air and from 
there, so to speak, come again under a pole of same 
polarity, the flux per pole projection in this particular 
design is equal to 10° X 2 x 1.45 = 2.9 xX 10° lines. 


Fie. 88.—Stort Winpine or 55 KVA., 1,050 R.P.M., 70-CrciE, 
SINGLE PHASE ALTERNATOR. 


385. Armature Length.—The iron length of the armature 
is determined by fixing the permissible saturation of the 
teeth, with regard to their losses. As the teeth pass 
through a variable field of 2.9 x 10° to 0 lines of magnetie 
flux, we will allow a density of 80,000 lines per square 
inch. 

Therefore, the length of the effective iron is equal to 
2.9 X 10° 
“g0,000 —! xX 2965 %.3 = 6.10'¢, 
where 1 = 5.4 inches per armature half. An additional 
0.6 inch must be allowed for the paper insulation between 
the laminations. 
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386. Section of Armature Core.—In calculating the arma- 
ture core section, particular care must be taken that the 
total height of the armature laminations should not be 
less than one-half of the pole pitch or pole are, as with a 
small height of laminations the variable magnetization 
would reach the solid iron yoke and produce an excessive ~ 
iron loss. 

In the present case we fix the total height of the laminations 
in the armature at 5 inches, with a density of 
2.9 x 10° 
29.75 X 3.14 
8 


= 46,000 lines per square inch. 


x 6x .9 


387. Particulars of Yoke.—tThe sectional area of the arma- 


ture yoke may be expressed with sufficient accuracy as 
33 X 3.14 2.9 x 10° : 
follows: Ting ages b= 26x60 = eae Mk and if we allow 
y 
a density of By = 46,000 lines per square inch, b, the 
2 X 10° 
46,000 X 26 


height of the cast iron yoke, will be equal to 


- == 2.4 inches. 

The length of the magnetic path in the yoke will be in- 
fluenced by the space required for the projecting parts of 
the armature coils and for the central magnetizing coil. 
An allowance of 6 inches on account of the two armature 
eoil ends and 3 inches for the field coil width, will be a 
good approximation and, if necessary, it may be altered 
later. 


388. Section of Pole Projection.—When designing the iron 
wheel it is necessary to assume the value of the leakage fac- 
tor as a moderate figure. Calculating with © = 1.10, the 
flux passing through a pole projection will be 2.9 X 1.1 X 
10° = 3.2 x 10° lines. Assuming a density of 75,000 lines 


. pert 3.2x 10° 
per square inch the necessary section is equal to F5.G00" 


_ == 42.5 square inches. - 
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With regard to the useful leakage, the length has been fixed 
at 5.5 inches and the mean width of the pole stamping is 
42.5 : 
equal to 5.5 X .95 = 8 inches. 
The height of the lamination should not be less than about 
one-half of the pole are, otherwise considerable iron losses 


may take place in the solid part of the pole system. 


389. Section of Rim.—In the present case a rim section of 


10 X 3.14 S . : : 
shout xX 6 = 47 square inches is suitable, which 


4 
: , ; 3.2 X 10° 
results in a magnetic density of pie Tks 


per square inch. The material of the rim is cast steel. 


= 68,000 lines 


390. Dimensions of Magnetic Circuit.—With reference 
to the data in the previous paragraphs relating to this 
particular design, the principal dimensions of the magnetic 
circuit are indicated in Fig. 89: 


Bore of the armature 06 Gao s code eee 23 inches 
external diameter of the armature lamination. 33.0 ‘‘ 
EG WAGT | osc Se scores 0g we ane oe See eee bi 
SOU Gepth rs Say ek cee ca ak eae cies L755 
overall length of the armature half.......... 6 fs 
overall width of-the yoke.................. 21 ‘S 
height of the yoRes csc. s'::> on tise alte te cee eae 24 0% 
MOTE ARs thet ae x oe oe ee ee eae eee 9 ch 
pole core width (mean value).............. 8 a 
DOS COPe: JORG So. 5s sie'na Sins Homes ote Die ee 
pole lamination height............. Ge o BD: ee 
wheel rim ‘ovetallléngth. < oe. oe e 20.5. 25" 
height of wheel vink.). oid SAS ech Se 6 “ 


391. The Non-Inductive Load Drop.—tThe voltage drop 
on non-inductive load is specified as 6 per cent., and, 
accordingly, we will assume a ratio of 2.75 between the 
armature back ampere turns per magnet circuit and the 
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ampere turns of the magnet coil. The choice of this ratio 
factor allows the armature leakage in this design to be 
somewhat higher than in the revolving coil type of alter- 
_nator, and, besides, the value of the short circuit constant 

will also be higher. 

The normal value of the armature back ampere turns is 
0.9 x 16 x 44 x 24 = 15,200 total, or, per closed magnetic 

15,200 
4 
3,800 = 10,500. 

If 75 per cent. of the field ampere turns are allowed for the 
air gaps, the latter will be found from the equation 


0.313 26 
0.75 X 10,500=— 


circuit, = 3,800; and that of the field = 2.75 x 


2.9X10°, where 6=0.22., 
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Fie. 89.—DIMENSIONS OF MAGNETIC CiRcUIT OF 55 KVA., 
1,050 R.P.M., 70-CycLk, SINGLE PHASE ALTERNATOR. 


For further calculations we take the single air gap equal 
to 0.2 inches. 


$92. The Open Circuit Characteristic.—The data for the 
determination of the open circuit characteristic is tabulated 
in Table 22. A leakage factor © of 1.1 has been applied 
in the caleulations, see Par. 388. 

The air gap reluctance is equal to 
Re 2x0 313 _ 29.5 
°9X2X6 , 6XY9X(0.2+0.5) 10°’ 
3x0.2 " 3(0.2+0.2) 


r 
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TABLE 22. 


_E.M.F. 2 600 |__2.300 | - 1,800 1,000 
Armature Flux. 3.275 «x 108 [2.9 x 10% | 2.27 x 108 | 1.26 x 108 
Field Flux. 36 x 10% 32x 10° | 25 x 106| 1.75 x 108 
— Cast © 
$4 1| Steel. | 3 
ats Cor A 77,000 | 30 |68,000 | 21 |53,000 | 14 | 29,500 | 6 
zs rs! (Hy Mee pee Bae) Ra 
3 One he 
8 | 221 Sheet|S=| o- 
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and the magnetic resistance of the field leakage path, see 


Fig. 89, is | 

ie ee A 0.813 _330_ 

1 dxa,2dxf, atf 3.9X9 , 2X85X55 9x55 1S 
= AMS LE ie Ce Are a ae 15 LO 7 


Having ascertained that all previous assumptions are suffi- 
ciently correct, especially that of the normal value of field 
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Fic, 90.—CHARACTERISTICS OF 55 KVA., 1,050 Revs., 70-CyrciE, 
SINGLE PHASE ALTERNATOR. 


ampere turns, the next step will be the caléulation of 
the short circuit characteristic. 


393. Short Circuit Characteristic.—The air gap relue- 


: 29.5 
tance 1s equal to —;, and the reluctance of the armature 


1U 
leakage path, see Fig. 89, is 
r= 0.313 _ 49.0 
2 4xaxlxo , 41xr(t+0) wth. 2rxixr iv* 
ext” FRO +2(7+20,)-+ ed rT XO 
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Therefore, the constant of the short circuit characteristic 
29 § ‘ 
will be &, = 1+ Ces 1.6; that is, the normal armature 
eurrent will be obtained in the short circuited armature, 
when the field excitation is equal to 1.6 X 3,800 = 6,100 


ampere turns. 


394. Particulars of Field Coil.—The application of the 
graphical method shown in Fig. 90 indicates that the 
specified regulation is complied with. 

The maximum excitation required is 13,000 ampere turns, 
which is supplied by the central field coil. 

The terminal voltage of the field coil is fixed at 55 volts, 
and the approximate length of mean turn is 80 inches; 
from which the conductor section qg, is equal to .0152 
square inch, when 55 = 13,000 <F x =. 

The nearest wire with a section almost equal to .0152 square 
inch, is a No. 9 §.W.G. with a section of 0.01629 square 
inch. 

When such a deep central coil is used the current density 
should not exceed 1,000 amperes per square inch, as the 
cooling conditions are very unfavorable. 

The maximum excitation current will be 0.01629 x 1,000 

13.000 
16.3 = 800. 


=16.3 amperes and the number of turns, 


395. Temperature Rise.—The maximum energy utilized in 
the field winding is equal to 16.3? X 3.15 = 840 watts and 


the cooling surface is 1,440 square inches; consequently 


: 84) 
the temperature rise will be equal to 7, = 120 x —— 


1,440 
mf ge 
The high factor of 120 has been used in this ease because the 
winding depth and height is comparatively large. 


396. Armature Copper Loss.—The-armature copper loss 
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Oe ae K-40 8 
— X 2 == 
amounts to 0.01057 x io" 24 1,200 watts, the 
normal current being 24 amperes and the length of mean 


armature turn 40 inches. 


397. Armature Iron Losses.—For the calculation of iron 
losses the method applied in the previous paragraphs, such 
as $871 and 372, will give satisfactory results, when al- 
lowing for one-half of the hysteresis losses, which would 
result for a complete change of magnetization and taking 
the full value of eddy current loss, provided that the total 
height of armature lamination is about one-half of the 
pole are length. 


398. Iron Loss in Teeth.—The weight of the armature 
toothed parts is equal to 2 X 24 X 2.25 x 1.75 x 6 x 0.9 
Xx 0.28 = 280 pounds. The saturation is 80,000 lines per 
square inch and the specific losses amount to 5.7 watts. 
Therefore. the total loss in the teeth is equal to 280 X 5.7 
= 1,600 watts. 


399. Iron Loss in Core.—The weight of the laminated arma- 
| ture core is equal to 3.14 x 29.75 x 325x2x6x09 
x .28 = 920 pounds, and the saturation being 46,000 lines 
per square inch, the total losses will be equal to 920 
(1.4+ 0.8) = 2,020 watts. 


400. Temperature Rise.—tThe total losses in the armature 
are, therefore, 1,200 + 1,600 + 2,020 = 4,820 watts, and 
the cooling surface is composed of the 


Inner cylinders of............. 880 square inches 
external cylinders of........... 2,200. ** ES 
and the side faces of........... 3,800)... * fa 
MOMING HtOPAl OL). oii eek. 4,980 ‘** aS 


The temperature rise will be approximately 7’, = 75 X 
sa" F: 
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The efficiency of the machine under discus- 

55.000 

62,420' ised oe 

The friction and ventilation losses in this case are assumed 
to be 1,600 watts. 


401. Efficiency. 


sion will be 


402. Summary of Design.—The resulting good commercial 
features of the alternator have been obtained with an 
2 
23¢ X 2 X 6X 1050 _ 155 age 
dd 
which, for a high tension and single phase alternator, is a 
standard value. 

The active and loss contributing materials are composed 
of 1,200 pounds of armature stampings, 95 pounds arma- 
ture copper, and 330 pounds of field copper, which point 
to a successful commercial design. 

It must be kept in mind that, for low or medium speeds, 
it is difficult to obtain a good design of inductor type 
alternator which embodies very good electrical features. 
complying at the same time with the conditions of 
economy. 


output coefficient of 


403. Design Sheet.— Table 23 illustrates a typical design 
sheet, on which all the necessary data required for a given 
design is collected in a very handy form. 

The Table in question gives the data for the caleulations of 
a 175 KVA. alternator. 


404, Formule Used in Design.—At this stage it will be 
well to tabulate the various formule which are used in 
the examples of alternator design given above. 

' Such a list forms a very handy reference, the more so, as it 
is not absolutely necessary for such formule tu be com- 
mitted to memory. 

A list of the symbols and specific quantities used in the 
following formule is given at the beginning of this book. 
CAPACITY OF THE ALTERNATOR: KVA.= E X C. in the ease 
of single phase open winding; KVA. = 2E  X C. in the case 
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of two phase two open windings; KVA. = 3E X C. in the. 
case of three phase, star winding. 
NUMBER OF POLES: aehdse be, == 2p. 


N 
yY D, x 7 x N 
PERIPHERAL SPEED: V = 12 3 


DX 
POLE PITCH: T = ———. 


2p 


Pp a 
OLE ARC RATIO: Dx 

xp 

Dxz 

ae he 

NUMBER OF SLOTS PER POLE AND PHASE: ———. 


m X 2p 
ae aan OF 
SLOT CAPACITY : 5 ; 


SLOT PITCH: @== 


NUMBER OF ARMATURE AMPERE CONDUCTORS: m X Z X C, 
mxZxC 
Dxz 
THE FUNDAMENTAL EQUATION OF USEFUL FLUX: 10° X E =~ 
Const.x nX ZX F,. 


PERIPHERAL DENSITY: 


F a 
THE EFFECTIVE TEETH SECTION: ZB. <= 5 rxlx 0.9. 
4 
7 Anse Dxilx N 
HE OUTPUT COEFFICIENT : —_ 
KV A. 


F 
THE ARMATURE CORE SECTICN : s 7 —~kxX tx D9, 
a 


THE FIELD FLUX: F,= 6 X F,. 


i 


F 
THE POLE CORE SECTION: = = 0 Xf X 0.95. 


By 
F, 
THE WHEEL RIM SECTION: > = g Xh. 
2B, 
0 313 
THE GAP RELUCTANCE: 1%) = sag 
lxa (u —) 
axrxl eae Ty) 


voxd ©  o(u+é) 
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THE RELUCTANCE OF FIELD LEAKAGE PATH: 


Be. 0.313 
1 4exf , 4dxf ,4bxd 
OAT 
n m m+b 
THE RELUCTANCE OF ARMATURE LEAKAGE PATH: 
pis 0 313 
2 4txlxo , 4txr(t-+0) 
sxTr TXO Lid ea 


r 
THE LEAKAGE FACTOR: 6 =1+ x 


1 


7 
THE SHORT CIRCUIT CONSTANT: kz; = 1+ nt 


2 
THE ARMATURE BACK AMPERE TURNS: A, = 0.9 X Z XC. in 
single phase alternators; A, = 1.41 X Z x C. in two phase 
alternators; A, = 2.12 X Z X C. in three phase alternators. 
THE EQUIVALENT FIELD AMPERE TURNS: A,; = ks X Ap. 
THE FUNDAMENTAL EQUATION OF FIELD WINDING: 


SU, M2nx LL; 8 
e= . sahil X=—° 
qi: 10 
THE EXCITATION ENERGY: e X C, = Wn. 


THE COOLING SURFACE OF FIELD COILS: 0, = LZ, Xd X 2p+ 


2b X f X 2p. 
THE TEMPERATURE RISE OF ROTATING FIELD COILS: J, = 
Wn 
Jonst. X —, 
C 0,(1+0.0002 x V) 
ZXL,., 8 
THE RESISTANCE OF ARMATURE PHASE WINDING: ——— 10” 
2 
THE ENERGY CONSUMPTION IN ARMATURE WINDING: m X C? x 
ZxXL, 8 
———* —. = W,. 
”q, 10 


THE HYSTERESIS AND EDDY CURRENT LOSSES IN TEETH: 
Sx¢xrxlX0.9 X 0.28 (wa t+ we) = Wr 
THE HYSTERESIS AND EDDY CURRENT LOSSES IN ARMATURE CORE? 
(D,—k) ® XkX1X 0.9 X 0.28 (wn + we) = We 
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' THE COOLING SURFACE OF ARMATURE: 


Dx eXT+ DX x xt- SF ag +2) ae 


THE TEMPERATURE RISE ON STATIONARY ARMATURE: 
T = %5 Wart: Wes 
2 O, 
THE EFFICIENCY OF THE ALTERNATOR: 
i KVA 
t= KVA+ W.+ Wi + We tee 


PRACTICAL WORKING OF ALTERNATORS. 


405. Paralleling.—In Book 37, pages 17 to 37, the subject of 
paralleling is fully dealt with, but the following remarks 
will be of interest, as they concern the design of the 
generators. 


406. Rise in Terminal Voltage.—If an alternator is 
switched on a line possessing considerable condenser effect, 
the terminal voltage will rise considerably, due to the 
combined effects of the inductance of the generator arma- 
ture and of the capacity of the line. 

In some eases the voltage will rise to such a value that it 
becomes disastrous to the machine as well as to the line. — 
This effect generally happens with alternators which have 
a wave form differing from the sinusoidal form, as the 
harmonies of the higher periodicity come into play. 
With the view of a possible voltage rise, it is necessary to 
design the insulation with an ample factor of safety, or 
if such voltage rise is anticipated and its prevention is 
necessary, it is found desirable to design the alternator 
with a large number of slots, as well as with rounded and 
shaped poles, so as to approach the, sinusoidal wave form 
~ as closely as possible. 
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407%. 


408. 


409. 


Causes of Cross Currents.—With regard to the 
parallel running of alternators, the designer should re- 
member the following points: 

Alternators which have to work in parallel, must have similar 
wave forms in order that no cross current shall appear in 
the armatures, and here again the most favorable condi- 
tions are offered by a sinusoidal wave form. 

Two or more alternators running in parallel have a certain 
control over each other, and if there is a difference in 
their speed, then one transfers load to the other, which 
reveals itself by a cross current between the armatures. 
This control or synchronizing power is larger, the smaller 
the reactance of the armature, that is, the better the regu- 
lation. 

Alternators with low voltage drop are liable to heavy eross 
eurrents if the machines are accidentally thrown out of 
step. 


Speed Variation.—There is little trouble with alternators 

| driven by water wheels or steam turbines, owing to their 
uniform rotation. — 

In the case of reciprocating steam engines as prime movers, 
a good engine governor is a most important thing, and 
every precaution should be exercised in order that the 
angular variation of the speed shall be kept within small 
limits. 

Such a condition must receive the close attention of the 
designer, especially if a low voltage drop is specified. 


Flywheel Effect.—To keep the angular variation within 
small limits it is necessary to apply a certain amount of 
flywheel effect and it is the best practice to put as much of 
the rotating mass in the alternator as possible. 


Very often the designer is compelled to increase the diameter 


of the magnet wheel in order to find room for the revolving. 
mass, which necessitates a sacrifice in the electrical proper- 
ties of the alternator. 
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410. Speed and Flywheel Effect.—The amount of the 
necessary flywheel effect is usually specified by the engine 
maker and the alternator designer has to dispose his 
material accordingly. 

For medium and high speed alternators it is not difficult to 
comply with the specification of the engine maker, but for 
low speed generators the placing of the rotating weight 
inside the magnet wheel becomes a vital question, which 
needs very careful consideration. 


411. Values of Flywheel Effects.—It is a general practice 
to express the flywheel effect by the product of the re- 
volving weight in tons, multiplied by the square of the 
gyration diameter in feet. 


TABLE 24. 


KVA 200 300 > 500 800 


FlywheelEffectin| Nor- | Maxi-| Nor- | Maxi- | Nor- | Maxi-| Nor- | Maxi- 
Ton Feet Square.} mal. | mum.| mal. mum. |] mal. mum.| mal. mum, . 


; 200 110 | 200 | 165 | 295 | 235 | 370 | 410 | 620 
a 

mn 

5 150 235 | 460 | 280 | 510 | 600 | 1,000] 800 | 1,200 
Bs 

e3 125 300 | 620 | 680 | 1,000 | 1,100 | 2150 | 1.450 | 2,450 
ms 

= 107 750 | 1,600 | 1,200 | 2.800 | 1,750 | 3,800 | 2,200 | 4,200 
vo 

3 Bish oa 

a 

D 94. 1,100 | 2,400 | 1,800 | 4,200 | 2.800 | 6.500 | 3,500 | 7,400 


Table 24 indicates for low speed alternators the usual values 
of flywheel effects, as well as the maximum values, which 
may be placed ir the magnet wheel of alternators of 
various sizes and speeds. | 


412. Paralleling and Direct Coupled Sets.—The direct 
coupling of prime mover and generator gives the most 
compact arrangement and a good efficiency. It is found 
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advisable to place as much flywheel effect in the alternator 
as possible, or, if it is placed outside it should be close 
to the magnet wheel, which tends to prevent vibration of 
the shaft. It should be noted that the application of solid 
poles or special damping arrangements, such as brass 
bridges between the poles, will considerably assist the 
even parallel running of alternators. 


413. Necessity of Balancing Alternators at Work 
and Causes of Failures.—With modern alternators 
of the rotating field and stationary armature type, there is 
very little trouble connected with their general working, 
provided that the paralleling question is satisfactorily 
solved. 

From a mechanical point of view, it is necessary that the 
magnet wheel should be properly balanced and centred 
inside the armature bore, otherwise a one-sided pull will 
appear, as well as unsymmetry in the magnetic fields and, 
consequently, in the armature E.M.F., which is especially 
troublesome in the case of a closed winding, for instance, 
with a mesh connected, three phase machine, where surging 
eurrents are likely to appear. 


414. Heating and Humming.—Single phase generators 
with solid poles often run cool on a non-inductive load, 
but run hot if the armature earries a lagging current, 
and if wide, open slots are used, a humming noise is 
produced. In both cases the proper rounding of the pole 
shoes, closing of the slots, application of many slots and 
use of a large air gap, will in all probability remedy the 
above defects. 


415. Faults in the Windings.—The most delicate parts of 
an alternator are, of course, the armature and magnet 
windings, but only gross carelessness and inattention will 
cause a breakdown of same. The principal reasons of 
failure are rupture or disconnection of the winding, faulty 
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insulation between the turns of a coil or between the coils 
themselves, which short circuits the copper, and faulty 
insulation of the windings to the iron, or earth. - 


416. Terminals and Slip Rings.—If the necessary eare is 
taken, there will\be very little trouble with the terminals, 
and up to about 1,000 volts, marble terminal boards will 
be found satisfactory, while for higher voltages insulators 
of proper form and arrangement should be used. 

The slip rings seldom cause any trouble, but it is advisable 
to employ at least two sets of brushes of ample section, so 
that if one goes wrong the other should be able to carry 


the full current. 
orate 
60°} 60° 


Fie. 91.—TuHreE-PHase ArmA- Fia. 92.—THREE-PHASE ARMA- 
TURE WINDING PROPERLY TURE WINDING WRONGLY 
CONNECTED. CONNECTED. 


41%. Field Coils.—It should be noted that the field coils some- 
times heat up; this is due in most eases to too much taping 
and wrapping. 

If the field coils project out of the pole shoe strong end 
plates should be used in order to prevent the coils bending 
upward on aceount of the centrifugal forces. 


120°; 720° 
—_ ee 


418. Connection of Three Phase Armature.—In con- 
necting the different phase windings of a three phase alter- 
nator, it is necessary to see that the coils are properly 
joined up at their ends, which should be 120 degrees 
apart in the pole pitch, as an armature with the coils con- 
nected 60 degrees apart will not generate the full voltage, 
see Figs. 91 and 92, 


Printed in U.8.A., 
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DESIGN OF SYNCHRONOUS MOTORS. 


419. The Principle of the Synchronous Motor.— 
A synchronous motor is simply a reversed alternator and 
most manufacturing firms use their generator designs 
without any alteration, for synchronous motors. If a 
machine, instead of being driven by a prime-mover and 
generating a current at a certain voltage, is fed by a 
current at the same terminal pressure, it will be capable 
of developing mechanical energy approximately equal to 
KW 0.746 horsepower, when running at a synchronous 
speed which may be determined by Equation ('7). 


420. Two Principal Features will be noted in the working 
of synchronous motors : The synchronous motor does not 
start up by itself when the armature is switched on to 
the supply circuit, the field at the same time being fully 
excited, but the armature must be run up to the synchron- 
ous speed, (see Par. 42'7) before it can exert its power. 
The characteristic working condition of this type of motor 
is, that the speed is strictly constant according to the fre- 
quency and number of poles. 


421. Starting of Synchronous Motors.—The method 
of starting and switching a synchronous motor into 
circuit isas follows: The motor being at rest, the main 
switch S,, Fig. 93, as well as that of the excitation cir- 
cuit S, is kept open and all the resistance of the 
rheostat FR, is inserted. The armature is then run up 
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(see Pars. 427 and 428) to its normal or synchronous 
speed, and the machine excited as follows: 

1. Close the switch S,. 

2. Regulate the excitation by means of the rheostat 
f,, till the voltmeter, V,, indicates the same volts as 
the voltmeter V,; that is, the voltage on the motor 
armature should be the same as that on the line. 


in 


omy Pe: 


p}Ys 


Va 
ya 


fils 
oe 


e 
aes 
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Fic, 93.—CONNECTION DIAGRAM FOR SYNCHRONOUS MorTor. 


3. Connect the motor armature to the line as follows: 
First close the circuit of the two lamps L, and L, which 
constitute the synchronizing device, and regulate the 
speed of the motor, if necessary, until the pulsations of 
the lamps become longer and longer; then close the switch 


ae 
as) 
ele 
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4AZR. 


423. 


424. 


425. 


S,, at the moment both lamps show their maximum 
brilliancy. | 
4. After the switch S, is closed, the load may be grad- 
_ ually put on the motor and when the average load is ob- 
tained, the excitation should be so regulated, that the 
armature current becomes a minimum, which can be ob- 
served on the ammeter 4,. 


Stopping of Synchronous Motors.—tThe stopping 

of the motor involves the following operations: 

1. Gradual taking off of the load. 

2. Regulating the excitation to its minimum. 

3. Quick opening of the main switch S.. 

4. Inserting of all the resistance in the rheostat R,. 

5. Slow interruption of the excitation circuit by means 
of the switch S,. 


Characteristics.—A synchronous motor can be ad- 
justed to have a power factor equal to unity, that is, to 
bring the terminal pressure and the armature current 
in phase. This condition will be obtained for a certain 
excitation and if the field is wnder excited, the armature 
will carry a lagging current; or if the excitation is higher 
than that corresponding to a power factor of unity, the 
armature will carry a leading current. 

This feature of the synchronous motor is a most valuable one, 
as it can be used for improving the power factor of the 
line, the leading current having the same effect as a 
condenser in the circuit. 


Desirable Features.—It is desirable, that with 
slight changes in the excitation, noticeable pressure 
alterations should take place; therefore, as will be seen 
later, it is an advantage to work on the part below the 
knee or bend of the no-load characteristic curve. 


Speed.—The speed of a synchronous motor is absolutely 
constant if the prime mover of the supply generator 
maintains a constant speed, but any irregularity in the 
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generating station, transmission line or distribution 
system, will be felt by the motor. If the speed variations 
are not within the standard values, then hunting of the 
synchronous motors will be set up, that is, the speed will 
vary within larger or smaller limits, decreasing and 
increasing at intervals. 

If the motor is fed by slow speed generators, the field system 
should have either solid poles or laminated poles with 
suitable damping arrangements and, as a general design- 
ing rule when damping arrangements are used, it may be 
stated, that the rotating weight of the synchronous motor 
should be comparatively small, so as to permit the taking 
up of the changes in frequency. 


Overload Capacity.—The momentary overload capacity 
of synchronous motors, that is, the greatest output 
before falling out of step, is generally large; standard 
generators used as synchronous motors will stand a 
momentary load of about double, and more, of the normal 
output. 

A generator of small voltage drop, will correspond to a 
synchronous motor of large overload capacity, and vice 
versa. 


Methods of Starting.—The greatest disadvantage of 
a synchronous motor is, that it must be brought up to its 
synchronous speed before it can give the required power, 
see Par. 420. 

This class of motor is generally used in large sizes, in connec- 
tion with continuous current dynamos in substations, or for 
heavy mill work. When starting up on a light load, the 
exciter may be utilized or an auxiliary starting motor 
used, whichever way may be found the most convenient. 
A line of shafting already running also provides a con- 
venient method of starting up. 


Self Starting Motors.—Synchronous motors are not 
usually made self starting, but in cases where a self 
starting motor is required, such a condition can be carried 


J 
s 
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out by applying solid poles or heavy dampers, which will 
act in a similar manner to that of the rotor of an induction 
motor when the stator circuit at the suppiy mains is closed. 

The starting torque obtained in such a self starting device of 
a polyphase synchronous motor, is less than 25% of the 
normal, thus producing a heavy rush of current. 

Another matter to be considered is, that through a trans- 
former action, excessive voltage will be induced in the 
field coils, especially if they are wound for high excitation 
voltage with a large number of turns. The high voltage 
induced in the field coils is likely to cause breakdowns and 
accidents, but this rise may be diminished by short 
circuiting the field coils, or by grouping them in parallel 

- during the operation of starting. 


429. Data Required by the Designer.—A motor is 
intended to develop a certain mechanical energy ex- 
pressed in horse power, when running at a certain speed 
of WV revs. per minute and fed by a current of N cycles 
under a pressure of # volis. Further, there are specificd 
or assumed, as the case may be, the values of the efficiency 
and overload capacity. 

The design of a synchronous motor and its calculation is 
identical with that of a generator; by converting the 
mechanical output in H.P. into the electrical input 
expressed in KVA., one can follow up the method de- 
veloped in the previous examples. | 


430. Example 27.—Method of converting the mechanical out- 
put into electrical energy and calculation of the input: 
A three phase synchronous motor has to be capable of 
developing a normal power of 450 H,P. when running at 
a speed of 500 revs. per minute, the machine being fed 
by a current at 50 cycles under a terminal pressure of 
3500 volts. Further, it is specified that for the normal 
working, the armature should carry a leading current 
with a power factor, cos g =0.9, whereby the efficiency: 
shall not be less than 94%. 


ALTERNATING GENERATORS AND SYNCHRONOUS MOTORS. 


431. 


432. 


4353. 


ASA. 


SoLution: The normal mechanical output being equal to 
450 H. P. its equivalent in K.W. will be A.W.= H.P. x 
.746 = 335 K.W.; and under the specified conditions 


KW. 335 
the input amounts to 008 Boe i 400 
KVA. | 
Therefore for a star connected armature, the phase current 
400,000 ; 
i =, = . See E 
will be 73 3500 66 amps. See Equation (5) 


Data for Design.—In comparing the present data with 
that of Par. 210, it is obvious that the alternator design 
developed in Pars. 211 to 268 may be used for this 
particular synchronous motor. 


Interpretation of Characteristics.—Fig. 94, 
contains five different characteristics: The curves 1, 2 


and 3 are the no-load, short circuit, and load characteristics, _ 


respectively, the latter referring to an armature phase 
current of 66 amps. with a phase displacement of cos g = 
0.9. 

Curve No. 4, is the so called V-characteristic of a synchronous 
motor and gives the armature current in terms of the 
excitation when the mechanical output 450 H.P., the 
terminal pressure 3,500 volts, and the speed 500 revs. ie 
minute, are constant. See Par. 440. 

Curve No. 5, represents the corresponding power factors in 
terms of the excitation. 


Important Characteristices.—All the working con- 
ditions of the machine as a generator or motor, are entirely 
fixed by the no-load and the short circuit characteristics 
and the three other curves are simply deduced from these, 
to illustrate the various electrical features. 

The no-load and short circuit characteristics permit further 
conclusions with regard to the mechanical property of 
overload capacity. : 


Overload Capacity.—In the following paragraphs the 
overload capacity is understood to be the ratio between 
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the maximum mechanical output and the normal output, 
the former being the greatest energy which can be devel- 
oped by the motor with a normally excited field before it 
falls out of step. 

Within the practical limits of excitation the overload capac- 
ity increases with the exciting current, but this feature is 
not important. 
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Fic. 94.—CHARACTERISTICS OF 450 H. P., 500 Revs., 50-CYCLE 
SYNCHRONOUS 3-PHASE Moror. 
435. Practical Ratio.—The designer considers it sufficient to 
know, that there is an ample margin of overload capacity, 
which is directly indicated by the ratio between the short 


circuit current, which corresponds to the normal excitation, 
and the normal armature current. 
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In standard alternator designs, the above ratio is about 2 or 
more; that is, with the normal excitation, the machine can 
stand a momentary overload which is about double the - 
rated capacity. 

Maximum Load Rule.—In the design, it will be suffi- 
cient to work with the approximate rule, that the maximum 
Joad with normal excitation is equal to 

K.W.n=mXH,XCs, - - - - (42) 
where K.W., is the maximum power expressed in K.W.; 
E, the terminal pressure per phase; and C, the short circuit 
current with normal excitation. 

From the above rule it follows, that an alternator designed 
for good regulation, will have a larger overload capacity 
than one with a large voltage drop. 


Small Overloads.—In cases where sudden overloads 
are not possible, as for instance when the synchronous 
motor has to drive a continuous current dynamo for 
accumulator charging, it will be sufficient to design for 
1.25 overload capacity. Consequently, in such cases, the 
armature will receive a great number of ampere turns, - 
while the value of the field ampere turns remains standard, 
but at the same time the iron part will be greatly reduced. 

In the case of the 450 H.P. three phase motor under dis- 

137.5 ae 

59.5 ay 

that is, the maximum mechanical load with 6,300 ampere 

turns excitation will be equal to 2.8x450=1035 H.P. 


The V Curve.—The V curve of a synchronous motor, 
indicates what alteration is necessary in the excitation, 
in order to obtain a current supply with power factor 
cos p= 1 or cos p=< 1, either with lagging or leading 
displacement. | 

With regard to steady running, as well as a safeguard in 
case of false regulation, it is desirable that the alteration 
in the phase angle should result in a wide range of the 
excitation regulation; that is, the armature reactance and 
also the voltage drop should not be chosen too small. 


cussion, the overload capacity is equal tc 
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Flat V Curve.—From theabove it follows that the flatter 
the V characteristic curve, the steadier will be the running 
of the motor. This condition tends to cheapen the design, 
as the number of armature ampere turns may be higher or 
the number of field ampere turns less. In the case of a 
large armature reactance, it is not desirable to drive the 
saturation in the iron parts too high, otherwise the range 
of regulation will become too excessive in order to obtain 
a certain amount of phase displacement. 

In the case of a large armature reactance, it is well to take 
the pole arc ratio somewhat smaller than usual, to keep the 
saturation in the pole and rim at moderate values and to 
make the air gap larger so that the latter will utilize the 
principal part of the necessary ampere turns. 

The saturation of the teeth and armature core is determined 
by the specified efficiency. 


Determination of V Curve.—TIn order to determine 
the V curve of the synchronous motor the no-load and short 
circuit characteristics of the machine, when it is driven at 
normal synchronous speed as a generator, should be known. 

As already mentioned, the V characteristic gives the armature 
current in terms of the excitation, for a constant speed, 
terminal voltage and mechanical load. These conditions 
of constancy imply, that the watt component of the arma- 
ture current, C,cos mg must also be a constant value, 
because the mechanical output is proportional to the input in 
K.W., which is expressed by K.W.=mx E, Xx (C,cos 9). 


Ampere and Excitation Values.—The constancy of 
the voltage, load and watt component of the armature 
current, is represented in Fig. 94, by the line PP* which is 
parallel to the line OO*. In Fig. 94, the ampere values as 
well as the terminal voltage are substituted by the corre- 
sponding ampere turns. 

The length OA (ampere turns) indicates the constant ter- 
minal pressure of 3500 volts, the length A P (ampere turns) 
corresponds tothe armature current, of which the minimum 
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value is the watt component, represented by the line AP, 
while the length OP is the excitation value. 


442, Other Points on Curve.—With the simple determin- 
ation of the regulation, say, for an armature current corre-. 
sponding to the normal load, to a normal voltage and to 
cos ¢=1, we have fixed one point of the line PP’ as well as 
one point of the V characteristic and, therefore, it is a 
simple matter to find other points. 

The various values of the lines AP and AP" can be easily 
converted into amperes by means of Equations (30) 


to (82). 


443. Actual Results Obtained.—In Fig. 94, the graphical 
method is developed for the 450 H.P., 3500-volt star con- 
nected armature, where the normal watt components 

450 X 746 
will have the value of C,, cos P=T73%3500% 9477 09-5 am- 
peres, the efficiency being equal to 94 % and the corre- 
sponding field excitation 6300 ampere turns, as found by 
the graphical determination of the regulation. The current ~ 
value of the 59.5 amperes, plotted above 6300 ampere 
turns, gives one point of the V characteristic. 


444, Determination of Other Points.—Further points 
on the V curve may be found in the following manner: 
Having obtained a point P, by applying the graphical 
method of determining the regulation, one has simply to 
draw a line through this point P parallel to the abscissa 
line OO: and erect another triangle on the line OA so that 
the point P1 falls on the parallel line. The length OP! will 
now represent the value of the field excitation, and the line 
AP! indicates the ampere turns which correspond to the 
armature current on short circuit. 


445. Results of Complete Graphical Method.—Make 
OP! = OB, the length BC = AP‘ and draw the perpendic- 
ular CD until it cuts the R® curve at D. Mark the line DB 
and draw a parallel to it, the line HR, through the point R; 
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*the short circuit current EF corresponding to'OE, will 
be the ordinate of the V curve when BG, erected perpen- 
dicular to OO', through the point B, is made equal to EF. 
This method is applied in Fig. 94 for the under and over 
excited states of the synchronous motor. 


446. Resultant Shape of Curve.—The same method may 
be applied for any other load of the motor and it should be 
noted that the smaller the load, the steeper will be the 
branches of the V curve. 
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Fig. 95.—EFFIciIeENcyY Curvres or 450 H. P., 500 Revs., 50-CyrcLe 
SYNCHRONOUS 3-PHASE Moror. 


447. Power Factor Curve.—The corresponding power fac- 
tor curve is obtained simply by plotting the values of 
cos ~ in terms of the respective ampere turns, The re- 
spective angles @ are indicated in Fig. 94. 

For the particular case of the 450 H.P. motor, the V and 
power factor curves indicate that the field excitation is to 
be increased from 6,300 ampere turns to 7,600 per pole, if 
the armature has to carry a leading current of cos p= 0.9 
phase displacement. 


448. Other Characteristices.—A second group of char- 
acteristics is given in Fig. 95. 
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Curve No. 1, represents the friction and ventilation losses in 
terms of the input expressed in K.W.; curve No. 2, is that of 
the iron losses; curve No 3, gives the field copper losses; 
curve No. 4, gives the armature copper losses; and curve 
No. 5, indicates the efficiency of the machine at different 
values of input, when the phase displacement is assumed 
equal to cos gp = 1. : 

It should be noted that the efficiency curve starts at an 
abscissa of 17.5 K.W. which represents the no-load losses, 
composed of the friction, iron and the minimum excitation 
losses. The energy consumption in the armature copper 
at no-load is insignificant and negligible. 


449, Efficiency.—The efficiency is the ratio between the useful 
output and the useful output plus all the losses expressed 
b 
z = H.P. x 746 
FP. X 746+ WLW Want We 
and in the present case the full load efficiency is equal to 
450 x 746 —94% 
1450 x 746-+3,900+-9,400+42,700--6,500- “° 
with a power factor cos p=l. 


...(43,) 


DESIGN OF A REVOLVING FIELD TYPE THREE 
7 | PHASE SYNCHRONOUS MOTOR. 


450. General Specification.—A three phase synchronous — 


motor of the revolving field type is to be designed with a 
star connected armature for a terminal pressure of 3,460 
volts and a speed of 375 revs. per minute, when supplied 
with a current at 50 cycles. 

The normal mechanical capacity of the motor is 550 H.P., but 
the machine should be capable of carrying a wattless lead- 
ing current, so that a power factor of cos p = 0.9 is ob- 
tained. al 8d ? 


———— 
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The temperature rise should not exceed 75 degrees Fahren- 
heit on any part of the motor, and the full load efficiency 
with a power factor cos gy =0.9 should not be less than 


94%. 


451. Input.—tThe electrical equivalent of the mechanical output 
is equal to 550 .746=410 K.W. With an efficiency of. 


ga) $4" the Glesicical input will be wag 435 KVA. with 
fact SV pe igs VA 
a power factor, cos p= 1; and— 97-5 = 


with a power factor, cos p = 0.9. 


452. Phase Current.—From Equation (5) the armature 
a 485,000 
1.73 X 3,460 
435,000 
1.73 x 3,460 


.) * phase current is equal to =81 amperes, with 


cos p=0.9, and 


=72.5 amperes with 
cos p = 1. 


453. Total Flux.—The total amount of useful magnetic flux 
KVA. 485 
eS = 1.29 
3 Ni 1 87S 

and Fig. 62, where 2p x /, =67.5 10°. Or, as the number 
120 x 50 


| | 375 
the useful flux per pole will be about 


will be found by means of the ratio, 


of poles is equal to 2p = = 16, see Equation (7), 


O7-5X10 4 955108 
16 
lines. 


454. Armature Winding.—The armature winding will be of 
the former wound long coil type, placed in open slots. As- 
suming a total number of slots S= 96, that is, 2 per pole and 
phase, with a pole arc ratio of 0.65, found by means of 
Table 14, the form factor will be found equal to 2.3. 


455. Armature Conductors.—By the application of the 
Equation (35), the number of armature ampere conductors 
485 2.3 


os ‘spales! |: SRE oes deve TS 
is equal to a75 (84 X C.,) X 67.5 X 10 20x 1017? where 
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3Z xX C,=100,000; and the phase current being 81 amperes, 


100,000 
81 

= 1240, or the nearest multiple of the slot number, 96x13 

= 1248, which gives 13 conductors per slot. 


the number of total armature conductors will be 


456. Size of Conductors.—With 13 conductors per slot and 
81 amperes per phase, the slot capacity will have the 
standard value of 13x 81=1,053 ampere conductors; and 
allowing a current density of 2,000 amps. per square inch, 
the application of 2 parallel connected No. 8, S.W.G. wires 
per conductor, results in a favorable slot shape. 


45%. Dimensions of Slots.—The slot dimensions Fig. 96 are 
equal to s=0.75 inches in width and 7=2.1 inches in depth, 


270" 


Ss 4 5 
CULL _* 


Fic. 96.—SLot WINDING OF 550 H. P., 3460 Voit, SyNcHRONOUS 
3-PHASE Moror. 


which provides amply for the total number of 26 wires with 
double cotton covering, for the 0.08 inch thick micanite 
insulation. and for the unevenness of the assembled stamp- 
ings, and also a fixing wedge 0.2 inch in thickness. 


458. Diameter of Magnet Wheel.—tThe total value of 
armature ampere conductors being 1248 x 81=101,000 with 
a peripheral density of 500 ampere conductors per inch, © 


101,000 = 64.5 inches, 


the armature diameter is equal to 500x314 


see Equation (37). 
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Having decided upon a diameter of 63 inches for the magnet 
wheel the peripheral speed of the magnet wheel will be close 
to es ae ee = 6,200 feet per minute, which is an 


average figure. See Table 16. 


Pole Are.—The number of poles being 2p=16, the pole 


xo 312.85 inches and 
with the assumed pole arc ratio the pole arc is equal to 
12.35 X0.65=8 inches. 


pitch 7 on the bore is equal to 


Dimensions of Teeth—The number of slots is equal 
to 96 and the slot pitch O is equal to X25 =2.08 
inches, the narrowest part of the tooth being r = 2.08 
—0.75=1.33 inches, while the mean thickness is equal 


to 1.38 inches. 


Armature Length.—The useful flux per pole, accord- 
‘ 2000 x 108 
to E ai 
ing to Equation (33), is equal to 53x50 416 4.2 
x10° magnetic lines; soif we allow B,=73,000 lines as 


magnetic density in the teeth, the effective teeth section 


‘ 4.2x10° ; ; 
will be "73,000 sq. inches; and the iron length /= 
57 
rea %1.3820.9 > 12 inches, including the paper in- 
2.08 
sulation. 


After providing 2 ventilating ducts of 4 inch width, the 
overall length of the armature will be 13 inches. 


Armature Diameter.—The sectional area of the 
armature core below .the slots will be equal to 
. 4.2. 10 
2 x 30,000 
30,000 lines and consequently the iron height below the 


=70 sq. inches allowing a magnetic density of 


16 
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slotsis equal to — =6.45 inches; or, with a value of 


6.4 inches, the overal diameter of the armature will 
be 63 + 2(2.1+6.4)= 80 inches. 


463. Pole Core Area,—For the first approximation we will 


assume a leakage factor of ¢=1.2 so that the flux per 
pole will be equal to 1.24.2 10®=5.05 x10® lines. 
With regard to the reasons developed in Par. 439, the 
magnetic density in the pole section should not be 
higher than about 95,000 lines per sq. inch. The 
effective area of the pole core under these conditions 
will be ene =53 sq. inches. 
Allowing for the useful magnetic leakage, we take an 
overall length of 12 inches, and the width of the pole 
53 


ee kes Te. setae 
12x 0.95 4.65, say 4,75 inches 


stamping will be 


464. Wheel Rim.—The material of the wheel rim is cast iron; 


465. 


so with regard to mechanical strength as well as the . 


moderate saturation degree, the section of the same 
will be taken as 20 by 4 inches. Therefore the sectional 
area is equal to 20x4=80 sq. inches and the magnetic 
density i ne _ =31,600 lines. 

Armature Ampere Turns.—tThe air gap should be 
chosen with the view that the overload capacity, or, in 
other words, the ratio between the short circuit current 
which corresponds to the normal excitation, and the 
normal load current of 72.5 amperes, should be about 
1.8 to 2 

For the normal load of cos p= 1, the total number of arma- 


ture ampere conductors is equal to 1,248 x 72.5=90,000.. 


Therefore, the total number of armature ampere turns 
wor = 45,000, or 20,000 =15,000 ampere 
_ turns per phase... 


is equal to 


es 
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466. Normal Excitation.—With the application of Equa- 
tion (32), the total value of the effective back ampere 
turns will be found equal to 2.12«15,000=31,800, or 
31,800 

16 
Assuming a short circuit constant of 1.15 with the specific 
- ratio factor of 1.8 to 2, the normal excitation corres- 
ponding to 3,460 volts open circuit pressure will be about 
1.15x1.9x1970=4,300 ampere turns per pole. 


=1970 ampere turns per pole. 


Fie. 97.—PoLtke WINDING or 550 H. P., 3460 VoLtT, SYNCHRONOUS 
3-PHASE Moror. 


46%. Air Gap.—With the object that the normal pressure 
should be below the knee of the no-load characteristic, 
the magnetic densities in the iron parts are kept com- 
paratively low, so that a utilization of about 80 per cent. 
of the total ainpere turns inthe air sap may be expected. 
This 80 per cent. amounts to about 4300 x .8= 3,440 am- 
pere turns ; consequently with a rough approximation by 
meansof Equation (21), theair gap willbe r, x #,=3,440 

_6X0.313 

12 x8 
calculation is taken as 0.2 inch. 


x 4.2 x 10°, where 6=0.25inch, and forfurther 


468. Field Winding Space.—For the determination of the 
pole core height, we will assume that the current density 
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in the field winding is about 1,100 amps. per sq. inch, 
for an excitation of 4,300 amperes turns per pole. There- 
fore, with sufficient exactness, the sectional copper area 
of one side of a coil is equal to aa = 3.9 square inches 
and, providing that the space factor is about 0.4, the 


necessary winding space for one side of a coil will be 


3.9 : 
O47) sq. inches. 

If we assume a coil depth of 1.75 inches, the pole core 
height is equal to re = 5.6 inches, consequently for 


convenience we fix it as 5.75 inches (see Fig. 97) with 
a pole shoe height of 1.25 inches. 


469. Dimensions of Magnetic Circuit.—The prin- 
cipal dimensions of the iron body are as follows 
(see Fiz. 98): 


External diameter of the armature...... 80 inches. 
Bore of the armature ........0.y....4. BS us 
Slot width..<. fishin sa Gace hea ee 0.75‘ 
SlOt REN. A ONG wae doe eae ee ee 2.10“ 
Total length of the armature, including 2 

Bir aductes. ... is AL el eee $3 49% 
Length of pole core.............. PR Bee ats AZ ia** 
External diameter of magnet wheel......62.6 “ 
BGR? QkOr hak sa. Ek Ble ahs ae ea eS Be Bing FS 
Pole shoe height...... Fey SONS wae 1.25 * 
Total pole height...... Selby ab eae biel Ge hie ty 
Pole core width ......... bf Mia lad ka 4.75 “ 
Wheel tim-writh.:....0 5 Uo ascise eee twee 1) aed 
Wheel fia Beeb ......c:ss0"aen sa eerie ER 


470. Leakage Factor.—It is necessary to see if the various 
assumptions are sufficiently exact, and the first thing to, do 
is to calculate the leakage factor. 
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By means of Equation (20), the air gap reluctance will be 


? 0.313 
found equal to r,= 8 X 1.33 x 12 128 x (0.2+0.37) 
2.08 x 0.2 2.08 x (0.2-+-0.2) 
ao Equation (23), gives a field leakage path reluct- 
4 | 
ance of 
0.313 AA 5 
r,1=4x1.25 x Sp ata a xX rn 4X 4.75 x 5.75 = ae 
4.3 6 10.75 
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Fig. 98.—DIMENSIONS OF MaGNeric Circuit, 550 Hu. P., 375 REvs., 
50-CYcLE, SYNCHRONOUS 3-PHASE Moror. 


Therefore the leakage factor o, is equal to 14+, =1.19, 
say 1.20, see Equation (26). ; 


471. No Load Characteristic.—The leakage factor having 
an assumed value, the next step to take is the calcula- 
tion of the no-load characteristic. In Table 25 the various 
data is collected, while Fig. 99 gives the curve of the no-~ 


TABLE 25. 
E. M. F. 4500 3460 2500 1500 
ARMATURE FLUX| 5.50106 4.20X10® | 3.05x10® | 1.83108 
FIELD FLUX 6.57108 5.05X10® | 3.6510® | 2.19x108 
s CAST w : 
z “| | 41000] 105 | 31600] 62 | 22800] 36 | 13700] 20 
e 1 e180, 4 , : 
S o 
4S et 
# | 2 | 0.04” ZS . 
2 | . || 24/122000] 370 | 93500) 62 | 67500} 22 | 40500] 7 
6 | 3 | 54 |88 
Bee eS 
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load characteristic, from which it is seen that the normal 
terminal pressure is located at the proper place. 


472. Short Circuit Constant.—For the calculation of the 
short circuit constant, we find from Equation, (24), the 
reluctance of the armature leakage path is equal to 
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Fic, 99.—CHARACTERISTICS OF 550 H. P., 375 Revs., 50-Crcre 
SYNCHRONOUS 3-PHASE Moror. 


ae 0.313 56 

+ WFXZAKIZX208 4x 2.1 1.33 (19.39.08) 5 108 
0.75x 12.3 12.3 X2.08 keg 

7 


8.4 
and the short circuit factor k,=1+ =I = 1.15, 


r,! 
see Equation (29). a 
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473. Short Cireuit Characteristic.—In Fig. 99 the 
short circuit characteristic OA, is given by the line passing 
through the zero point and the point which represents 
72.5 amperes armature current on the abscissa of 2,300 
ampere turns. The latter value has been obtained by 
multiplying the normal back ampere turns per pole by the 

48 x 13 X 72.5 

3X16 


short circuit constant, and is eaual to 2.12 x 
x 1,15 = 2,300. 


474. Overload Capacity.—Fig. 99 clearly indicates that 
the specified overload capacity is obtained, because the 
ratio between the short circuit current, which corresponds 
to the normal excitation and the normal current, is sat 

= 1185. : 


4475. The V Curve.—tThe V characteristic of the motor is 
determined in the manner described in Pars. 440 and 

441 and Fig. 99 indicates that for the condition of 

normal full load and the supply of a leading current with - 

cos p=0.9, the field excitation must have the value of 

- 6,050 ampere turns. The form and course of the V curve 

is very satisfactory and may be considered as standard. 


4746. Field Winding.—tThe field winding is to be determined 
for a maximum pressure of 120 volts, and a maximum of 
6,050 ampere turns per pole. Assuming a winding depth 
of 1.6 inches, the length cf mean turn is found to be 38 
inches. Assuming a current density of 1,600, e= 

(2x C,)xX2px LD, 
a q; 107’ 

area of g, equal to 0.0245 sq: inch. 

| The nearest size to this will be a No. 7 S.W.G. wire of 0. 0243 
‘it sq. inch, in which the current will be equal to 0.0243 x 
‘1600=39 amperes. The maximum excitation requires 
» 6050 
a. 39 
in the pole winding amounts to 120 x 39=4,680 watts. 


. from which we find a sectional 


—q = 155 turns per pole. The maximum energy utilized 
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47%. Temperature Rise.—The total cooling surfacé of the 
field coils is equal to O,=L, XdxX2p+2bxfx2p, which 
in the present case is equal to 5.75 x 38K16+-2 «4.75 
x 12 x 16=5350 sq.inches. The mean value of the speed is 
54 3.14375 _ 
12 
(41), the temperature rise will be equal to ory 
4680 x 100 
5350 (1--0.0002 x 5300) =42.5 degrees Fahrenheit. 


= 5300 feet per minute. From, Equation 


478. Armature Copper Loss.—The length of mean arma- 
_ ture winding is equal to L, = (1342.1 x 12.4) 2=7 
ZLy ss 
> SE (i 
32 13x78 
2x2~x 0.0201 


inches and by means of the Equation 3 X 


the ohmic resistance. works out as 3 X- 


g 
Sara 0.97 ohm. Therefore the armature copper loss 


on full load with cos p= 0.9 for the phase current, will be 
81° x 0.97=6,490 watts. 
479. Losses in Teeth.—The losses in the teeth art one part 
: of the armature iron losses, and with reference to Fig. 
29, and by means of equation Sx7x rxlx0.9x.28 
(wrtw.)= W,, it equals 850(4.2+-0.9) =4,340 watts. 


480. Losses in Core.—The weight of the armature core is 
equal to 4,500 lbs. and the losses therein are 4,500 (1+0.2) 
= 5,400 watts. 


481. Temperature Rise in Armature.—tThe total ar- 
mature losses will be 6,400+4,340+5,400=16,140 watts 
and the corresponding cooling surface, 2,400-+3,000+6 
x 1,900=16,800 sq. inches. Therefore, from Equation 

16140 


(40), a temperature rise of 7’, =75x 16800 


=72.5 degrees 


Fahrenheit is obtained. 
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482. Total Losses.—The various losses in the fully loaded 

motor carrying a leading current with a power factor of 

cos pg = 0.9, consist of the excitation energy of 4,680 
watts, armature copper loss of 6,400 watts, iron losses of 
9,740 watts and an assumed value for friction and venti- 
lation losses of 6,500 watts. 


483. Full Load Efficiency.—From the above the full 
load efficiency, see Equation (48), is found equal to 


walt =94%, which is in ac 
410000+-4680-+-6400-+-9740+-6500 °° “°’ ms 


cordance with the specification, Par. 446. 


484. Summary of Design.—The design of this motor is very 

economical, as indicated by the output constant which 

63? x 12 x.375 
485 


from Equation (39), is.equal to f= 


= 37 x 10%. 

The weights of the various parts are: Armature iron stamp- 
ings, 850+4,500=5,350 lbs.; armature copper 630 lbs., 
and the field copper 760 lbs. The above weights when 
compared with the data in Fig. 14, indicate an economical 
utilization of the material, 
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THE DESIGN OF ALTERNATING 


GENERATORS AND SYNCHRONOUS 


8. 


9. 


10. 


AL. 


MOTORS. 


What does the work of the dynamo designer generally include ? 


Name and describe the two classes of alternators. which differ 
only in their relative excitation arrangement. 


Give the connection diagram of (1) a separately and (2) of a 
self-excited alternator. 


State the further classification of alternators with regard to 
their relative arrangement of (1) the armature and (2) 
the field magnet system. 


Deseribe the different types of this classification. 


State the particular cases in which the revolving armature type 


alternator finds its application. 


State the advantages and disadvantages of the inductor type 
alternator ; also its principal application. 


Mention for what sizes of machines the revolving field type al- 
ternator is generally built; also state for what kind of 
work it is most suitable. 


What is the average commercial efficiency of a 500 KV A. poly- 
phase alternator for fuli and half load? 


What is the efficiency of a 500 AVA. single phase alternator 
on full and half load? 


Give the usual voltage drop of an alternator working under 
full load conditions with the different power factors of 
cos P = .8 cos & = .6 and cosy =—.1; and also define the 
voltage drop as specified above. 
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16. 


a7; 


18. 
19. 
20. 
21. 


22. 


‘What are the usual number of slots allowed per pole? 


State the average permissible temperature rise for the differ- 
ent parts of a generator? . 


What is the usual value of short cireuit current in a well 
designed alternator, and why should it not be exceeded ? 


What degree of insulation should the armature and field coils 
possess ? 


Mention some of the mechanical features of a modern alterna- 
tor. 


What benefits are obtained from the use of higher efficiencies 
than those given in Tables 1 and 2 in the instruction book, 
from the central station engineer’s point of view as well 
as from that of the manufacturer? 


State the advantage and disadvantage of a smaller voltage 
drop than that given in answer to Question 11. 


What advantage has an alternator with the E. M. F. of prac- 
tically a sinusoidal wave form? 


What would be the disadvantage in having a greater number 
of slots per pole than that given in answer to Question 12? 


Up to what size is the carcase or shell cast in one piece and 
why is this not done for larger machines? > 


What material is employed for armature core stampings; 
what is their usual thickness, and how are they assembled ? 


What is the object of laminating the armature core? 


‘What is the most reliable insulation used between the arma- 


ture core stampings? State the usual thickness of same. 


What is understood by the effective iron volume of the arma- 
ture core? State its average value. 


What means are used to obtain perfect solidity of the arma- 
ture core around the teeth? 


Why is the inner surface of the armature core not machined ? 
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| a2. : 


ae 


' How are the armature stampings made and arranged for 


armatures up to 2 feet in diameter? State the usual ar- 
_ - rangement of stampings for machines of larger sizes. 


Describe the armature construction which gives good venti- 
Jation. 


State the various kinds of slots ot the ‘icin favorable shapes 
used in modern alternators. 


What is understood by the space factor of a slot? 
Give the average slot space factor of a 600 KVA. 5,000 volt 


alternator. 


What considerations infiuence the choice of the armature con- 


ductors for large current machines? 


_ What are the principal properties of an insulation material 


which is placed between the coils and the iron core? 


What should be the minimum thickness of micanite tubes 
employed for a working pressure of 6,500 volts? 


What principal quality has press board (press spahn) and 
what thickness of same should be used for a pressure of 
4,500 volts? 


What precautions are necessary in arranging the coils which 
are in close proximity to the surrounding iron parts of a 
high tension machine ? 


Show by a sketch the arrangement of the armature conduc- 
tors in a single slot of a high tension alternator; each slot 
is to take 6 wires in radial direction and 3 in width. 


In what cases are cast steel poles advantageously applied ? 


Where and why are laminated poles used? 


~What is the usual thickness of the sheet iron employed in 


laminated poles? 


fy iow are the laminations insulated ee each other ? 
-. State the average: proportion of the effective iron section to 


the total volume of a pole. 
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oz. 


State the usual method of winding the field coils of revolving | 
field type alternators. 


What is the usual current density between gun metal slip 
rings and carbon or copper brushes? 


Give the average weights of material used in an 850 KVA., 
medium speed, 50-cyele polyphase alternator. 


What would be the approximate cost of labor for this ma- 
chine in England ? 


‘tate the relation between KW. and KVA. 


What is the rated capacity of an alternator which supplies 
800 KW. to a motor circuit having a power factor of cos P 
s=45 


Give the formula expressing the output of an alternator in 
horsepower when its efficiency and capacity in KW. are 
given. 

A 350 KW. polyphase alternator with an efficiency of 93.5% 
at full load supplies current to motor and lamp circuits, 
with a power factor of cos P= .85. What is the rated ea- 
pacity of this alternator and that of its prime mover? | 


_ What, would be the rated capacity of the prime mover when. 


the same alternator in Question 50 supplies energy to a 
lighting circuit only? ) 


State the formula giving the output of a single phase alterna-. 
tor having (1) an open armature winding and (2) a closed 
armature winding. 

Give the formula determining the output of a two phase al- 
ternator, having (1) an open armature winding of two 
independent phases, and (2) a closed armature winding. 

What will be the current in each phase of an 800 KVA. 4,000 
volt two phase alternator with two independent phases? 

Paureiaeieg the same alternator as in Question 54 with a 
--@losed: armature winding, give the voltage and current 
per phase. | | 
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66. 


Give the formula expressing the output (1) of the delta, and 
(2) star connected three phase alternator. 


State the voltage and armature current per phase of a 420 
KVA. alternator when working, (1) as a single phase 
generator; (2) as a two phase generator; and (3) as a 
three phase generator, with a line voltage of 600 volts. 

What are the guiding factors in choosing the speed of an 
alternator ? 


Why should the application of an odd number of pole pairs 


be avoided ? 


A 12-pole direct coupled alternator has to produce a current 
having a frequency of 60 cycles; what should be the speed 
of the prime mover ? 


What difficulties are presented in designing low and high 
frequency alternators? 


State the different constant and variable losses of an alterna- 
tor. 


An alternator has to be designed with the object of possessing 
a nearly constant efficiency for a wide range of external 
load. In such a case what constant and variable losses are 
to be taken ? 


Give the formula expressing the efficiency of an alternator. 


In a 400 KVA. three phase alternator the following losses 
have been measured : 


Copper loss in the armature................ 5,000 watts 
ER SS iy erittel SN aes CL ae: 9,000 * 
Friction and ventilation losses............... 6,000 ‘ 
Field copper losses at full load..... ae TART E000 5. 
Field copper losses at half load.............. 4500 ‘* 


What is the efficiency of this alternator (1) at full and 
(2) at half-load ? 


Give the average friction and ventilation losses of an 800 
KVA. alternator. 
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75. 
76. 
3%. 
78. 


79. 


State the formula which gives the bearing friction losses in 
watts of an alternator. 


What are the bearing friction losses of a 770 KVA. alternator 
running at 214 r. p. m. having a shaft diameter inside the 
bearings of d = 9 inches, and an effective bearing length 
of 1 = 20 inches? 


State the different items of iron loss in an alternator. — i 


Give the limits of the magnetic armature core densities for a 
frequency of from 25 to 120, in the form of two curves. 


In what approximate proportions are the magnetic densities 
distributed in the armature core and teeth? 


What average amount of losses per pound of effective arma- 
ture iron is to be anticipated in a commercial alternator? 


Give the approximate iron loss of a 250 KVA. alternator, and 
state the amount of iron losses per pound, using the respee- 
tive curves of Figs. 14 and 28 of the Instruction Paper. — 


In the case of a 400 KVA. alternator for a frequeney of 50, 
it has been calculated that the amount of teeth iron should ~ 
be 580 pounds for a saturation of 84,000 lines per square’ 
inch; the amount of armature iron, 4,200 pounds for a 
saturation of 30,000 lines per square inch; and that the 
laminations should have a thickness of 0.2 inch. Find 
the total amount of armature iron losses in this alternator. 

What extra factor may considerably affect the resulting eddy 
current losses? | 

Give the usual armature copper losses of a 600 KVA. alterna- 
tor. | 

What usual current densities are employed in the armature 
conductors of an alternator? 

Give the formula for determining the power lost in the arma- 
ture winding of an alternator. 


Give the formula for determining the ohmie resistance of the 
armature winding of an alternator. 
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80. 


$1. 


82. 


85. 


84. 


85. 


Give the formula for determining the mean Jength of an 
armature turn. 


A three ; hase alternator designed for 50 amperes at a medium 
voltage has in its star connected armature 216 turns per 
phase. Each conductor consists of two parallel connected 
No. 9 8S. W. G. wires, each wire having a section of .0163 
square inch. The armature core length is 10 inches and 

the pole pitch is 14$ inches. What is (1) the mean length 
of a turn; (2) the total resistance of all three phases; and 
(3) the resulting copper losses for the normal current of 
50 amperes ? ) 


What is the usual amount of excitation losses in a 500 KVA. 
alternator ? 


For what output must the exciter of an alternator be de- 
signed ? 


Give the formula for determining the power utilized in the 
field winding of an alternator. 


The maximum excitation current of a 400 KVA. alternator is 
260 amperes and the resistance of the field coils is .10 ohm. 
What will be the power absorbed in the field winding of 
this alternator? 
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86. 


87. 
88. 


89. 


MOTORS. 


What is understood by the term ‘‘voltage drop’’ in an 
alternator and what machine characteristics are used in 
its investigation ? 


What is understood by the ‘‘open circuit characteristic’’? 


Give the formula stating the relation between the field ampere 
turns and the useful armature flux. 


Plot the no-load characteristic and the apparent resistance 
curve for an open circuit test of the following data: 
Excitation in ampere turns Armature pressure 

1,000 ampere turns 820 volts 
2,000 ay 1,620 ‘‘ 
3,000 ie 2,340 ‘ 
4,000 ‘$ 2,960. * 
5,000 * 3,380 
6,000 3,600 ‘* 


What is understood by the ‘‘short cireuit characteristic’’ ? 


How is the short cireuit characteristic of an alternator de- 
termined experimentally ? 


Give the equation of the short circuit characteristic. 


What is the load characteristic of an alternator ? 


10 
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Rn) 
a 


96. 


101. 


102. 
103. 


104. 


What is the cause of inductive voltage drop in an a.ternator 
and how is it expressed? Give the formula of the load 
characteristic. 


From the experimental machine characteristics of a 375 KVA. 
polyphase alternator as given in answer to Question 89, 
determine the inductive cos ¢ = 0 load characteristic for 
60 amperes armature current, which on the short circuit 
characteristic corresponds to 1,800 ampere turns excita- 
tion, by applying the approximate method of Prof. Arnold. 

Give the exact expression of the inductive load characteristic 
which takes into account the different degrees of magnetic 
saturation of the alternator. 


Apply the graphical method for determining the inductive 
cos P = 0 load characteristic of an alternator, the data 
of which is given in Question 95. 


Determine the drop for the same armature current as given 
in Question 95 but with a power factor of cos y = .8. 


What principal elements affect the inherent regulation of an | 
alternator ? 


State the different paths of one closed magnetic circuit in 
an alternator. 


Represent graphically a closed magnetie circuit of an alter- 
nator. 


Give the symbolical expression for magnetic reluctance. 


Give your reasons for the necessity of an accurate deter- 
mination of the machine characteristics in designing an 
alternator, such as the example given in Paragraphs 140. 
and 141 of the Instruction Book. 


With reference to Fig. 42 in the Instruction Book, give the 
symbolical expression of magnetic reluctance of the field 
system of one pole and calculate same from the dimensions. 
of the particular 12-pole machine illustrated in the accom- 
panying Fig. 1. 
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Fie. 1.—DIMENSIONS oF A 175 KVA., 400 ReEvs., 40-CronE, 
3-PHAsSE ALTERNATOR. 


(105. Give the symbolical expression of the air gap reluctanee 
per pole and calculate same from the dimensions given 


in Question 104. 


106. Give the symbolical expression of the armature path relue- 
tanee and calculate same from the data given in Question 


104. 


10%. Give the symbolical expression of the reluctance of the field 
leakage path and ecaleulate same from the data given in 
Question 104. 


108. What is the symbolical expression of reluctance of the 
armature leakage path? Calculate same from the data 
given in Question 104 if the length of the inactive wire is 
a+ n+ 2l, = 15 inches. 

109. Give the simplified formula of the leakage factor and ealeu- 


late same from the data given in Question 104. 


110. Give the simplified form of the short cireuit current factor 
k, and caleulate same from the particulars given in answer 
to the previous six questions. 


¥2 
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111. 


112. 


115. 


114. 


415. 


116. 
117%. 


118. 


119. 
120. 


121. 


Give the formule stating the value of the armature ampere 
turns for single-phase, two-phase and three-phase alter- 
nators. ; 


Caleulate the back ampere turns of a 180 KVA., 220 
amperes, star connected three-phase alternator, having 36 
turns per phase. 


Give the equation for the generated E.M.F. of an alter- 
nator. 


A 400 KVA. revolving field type star connected 50-cycle 
three-phase alternator generating a phase pressure of 
2,040 volts has 432 armature conductors per phase and 
a form factor of 2.3. What will be the useful flux per 
pole of this alternator? 


Give the general symbolical expression for the field ampere 
turns per pole. 


For a certain alternator it has been found necessary to use 
a useful flux per pole of 4.12 x 10° lines and a leakage 
factor of 1.25. What will be the flux value in the field 


system ? 


What is the number of ampere turns which is required to 
drive 50,000 magnetie lines per square inch through a 
east iron path having a length of 5 inches? 


An alternator has an external magnet wheel diameter of 
54.6 inches and 12 poles. What is the pole pitch of this 
machine ? 


The pole are length of the above alternator is 8.75 inches. 
What will be the pole are ratio? 


Upon what principal elements does the wave form of the 
E.M.F. of an alternator depend? 


What is understood by “‘long coil windings’’? 
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122. State the best values of the pole are ratio for alternate pole 
and equipole alternators. 


123. A two-phase alternator has a pole are ratio of .66 and a coil 
breadth ratio of ¥#. State the value of the form factor 
of this machine. 


124. A two-phase alternator with 64 poles has an armature 
containing 256 slots. The pole are is 5 inches and the pol2 
pitch 8.3 inches. What will be the value of the form 
factor of this alternator? 


125. Caleulate the useful armature flux which is required to 
generator a phase pressure of 3,500 volts at the terminals 
of the two-phase alternator for which the open circuit 
characteristic is caleulatetd in Example 23, Par. 178 of 
the Instruction Book. 


126. State the formula which has been applied for the calculation 
of the leakage factor, in the example given in Example 23, 
Par. 178 of the Instruction Book. 


12%. What tooth thickness should be inserted in the formula, and 
give the section of same? 
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128. 
129. 


130. 
131. 


132. 


133. 


134. 
135. 


136. 


MOTORS. 


State the different problems which present themselves in 
the design of alternators. 

State the principal item which influences the economical 
application of material for a certain regulation. 

What is the flux value per pole of a 150 KVA. alternator, 
running at a speed of 600 revs. per minute and generating 
a current at 60 cycles? 

Give the modified symbolical expression of the fundamental 
Equation (33), indicated in Par. 165 of the Instruc- 
tion Book. 

What is understood by the peripheral density of an alter- 
nator? State the symbolical expression for same. 

A 400 KVA. star-connected three phase alternator, running 
at a speed of 500 revs. per minute and generating a line 
pressure of 3,500 volts, has an armature bore of D = 55 
inches and 432 armature conductors per phase. Calculate 
the peripheral density of this alternator. 

What does the choice of the diameter of the alternator 
according to its peripheral density take into consideration ? 

What is the peripheral density of a 600 KVA. 50-cyele 
polyphase alternator? 

What would be the peripheral density of the alternator 
given in Question 135 when generating a current at 25 
cycles? 
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13%. The alternator in Question 155 is destined to supply high 
tension at a frequeney of 50 eyeles. What will be its 
peripheral density under these circumstances? 

138. Give the average peripheral densities of a 200, a 500 and 
an 800 KVA. single phase alternator, each generating 
current at 50 cycles. 

139. For a low speed 400 KVA. medium tension, 50 cycle, three 
phase alternator, the total armature conductor value has 
been found to be 85,540. What will be the approximate 
armature bore of this machine? 

140. State the limits of usual peripheral speeds of standard 
alternators. ; 

141. Give the formula for the peripheral speed of the magnet 
wheel of an alternator. 

142. State the formula which checks the leading dimensions of 
alternators in terms of their outputs. 

143. A 400 KVA. 500 revs. polyphase alternator, has an arma- 
ture bore of 55 inches and the iron length with its paper 
insulation measures 9.5 inches. Calculate the output fac- ~ 
tor of this alternator. 

144. Give the output factor of an 800 KVA. polyphase alternator 
by using the curve in Fig. 64 of the Instruction Book. 

145. What approximate output will be delivered by a 500 KVA. 


polyphase alternator, if the same ‘is designed for supply- 
ing a single phase current? } 


146. <A 500 KVA. polyphase alternator generates a phase pres- 
sure of 5,000 volts. What will be the obtainable output 
of the same type of machine when designed to deliver 
a phase pressure of 10,000 volts? 


147. What is the reason of the decreasing output with inereas- 
ing voltage? 


148. Which items are chiefly affected by the ratio between pole 
are and pole pitch? 


» P 
a Se 
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15%. 


158. 


1 59. 


160. 
161. 


What special care is to be taken in determining the slot 
dimensions of an: alternator? 


State the principal disadvantage of high pole cores. 


What is the maximum allowable winding depth of the field 
coils ? 


What should be the average specific cooling surface of the 
armature per watt loss? 


Mention the different parts of the armature of an alternator 
which provide cooling surface. 


State the formula for determining the temperature rise of 
the armature. 


What should be the average specific cooling surface of the 
magnet wheel per watt excitation loss? 


State the formula for determining the temperature rise of 
the magnet wheel. 


The normal excitation current of a 12-pole alternator is 
244.5 amperes. The field coils have a total resistance of 
.0865 ohm. The external cylinder surface and the two 
sectional areas of one pole core, which earries a coil 
consisting of flat edge wound copper strips, offer a cooling 
surface of 350 square inches. The peripheral speed of 
this alternator is 7,150 feet per minute. Calculate the 
temperature rise of the magnet wheel of this alternator. 


What average amount of field ampere turns should be 
allowed for the air gap? | 
What condition does the application of a small air gap 
affect ? 

What condition speaks in favor of large air gaps? 

Follow the design of the 400 KVA. three phase alternator 
for which the necessary data is given in Pars. 210 to 268, 


step by step, and state the principal formule which have 
been applied in calculating the respective values. 
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‘DESIGN A REVOLVING FIELD TYPE SINGLE PHASE ALTERNATOR TO THE 


162. 
163. 


164. 


165. 


1 66. 


167. 


THE FOLLOWING SPECIFICATIONS BY ANSWERING 
QUESTIONS 162 To 206. 


Output = 75 KVA. 

Speed = 600 revs. 

Frequency = 60 cycles. 

Terminal pressure = 1,000 volts, 

Load-power, factor, cos Pp = .95. 

The efficiency must not be below 89% at full inductive load. 

The voltage drop shall not exceed 12% at full inductive 
load. 

The temperature rise on any part of the machine shail not 
exceed 75 degrees Fahrenheit. 

For the armature winding the long coil type in open slots 
is to be applied and the armature core is to be made up 
of .02 inch lamine. 

For the poles .04 inch lied are to be applied. 


Determine the necessary number of poles. 


Caleulate the horsepower of the steam engine to which this - 


alternator has to be coupled. 


By means of Fig. 62 of the Instruction Book, determine 
the most suitable total flux to be applied for this single 
phase alternator. It is to be noted that on account of this 
machine being single phase the most suitable flux will 
correspond to an output which is about 30 per cent. higher 
than the actual one. 


An average form factor of k = 2.0 being assumed, calculate 
by means of Equation 35 of the Instruction Book the 
necessary number of armature-ampere-conductors corre- 
sponding to the flux ascertained in the preceding question. 


Calculate the full load current and determine the approxi- 


mate number of total armature conductors. 


The total number of slots, of which only 24 contain the 
armature winding, being fixed at 36, determine the number 
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168. 


169. 


170. 


171. 


172. 


1 ahs 


174. 
175. 


of conductors per slot. It is to be noted that with regard 
to a convenient winding arrangement the higher, even 
number of conductors per slot above that obtained by 
calculation is to be taken. | 

With the number of conductors per slot ascertained in the 
preceding question, calculate the corrected number of 
total armature conductors. 

With the above stated form factor value, k = 2.0, and the 
corrected number of total armature conductors, calculate, 
by means of Equation 33 of the Instruction Book, the’ 
corrected useful flux per pole. 

By means of Fig. 63 and Equation 3% of.the Instruction 
Book, calculate the approximate armature bore of this 
alternator. It is to be noted that the peripheral density 
of this single phase alternator will be about 20 per cent. - 
lower than that of a polyphase alternator of equal size. 


The armature bore of this machine being definitely fixed 
at D = 36 inches, calculate by means of Equation 38 of 
the Instruction Book the approximate peripheral speed 
of the magnet wheel, neglecting the small difference ex- 
isting between the armature bore and the external 
diameter of the magnet wheel, that is, the air gap. 


Allowing a current density of 2,200 amperes per square inch 
for the armature conductors, determine the most suitable 
size for same, but do not employ thicker wire than .16 
inch diameter. Calculate also the number of wires per 
slot. 

Determine the most suitable slot-shape, considering the best 
ratio of slot width to slot height. Make a sketch showing 
the different slot dimensions and the arrangement of the 
wires. Micanite insulation of .05 inch thickness and a 
fixing wedge of .2 inch thickness are to be applied. 


Caleulate the mean thickness of a tooth. 


By means of Fig. 27 of the Instruction Book, calculate the 
approximate effective teeth section belonging to a pole. 
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176. 


177. 


178. 


179. 


180. 


181. 


182. 


1835. 


184. 


a 
Assuming an average pole are ratio of = .60 and that 


about 10 per cent. of the total armature length is taken 
up by insulation paper, caleulate the overall length of 
the armature including a ventilation duct of .5 inch 
width. oe 

With reference to Fig. 26 of the Instruction Book, deter- 
mine the necessary effective armature core section and its 
height above the slot. 

Assuming a pole core density of 105,000 lines per square 
inch and an average leakage factor of © = 1.25, calculate 
the effective pole core section and the necessary pole 
width, taking into consideration that about 5 per cent. 
of the pole core length is taken up by insulation material. 


The magnetic density in the east iron rim should be about 
40,000 lines per square inch; calculate its necessary sec- 
tion accordingly. 

Determine the rim dimensions by allowing 2.75 inches 
projection on each side of the magnet pole for support 
and protection of the field coiis. 


By means of Equation 30 of the Instruction Book, eal- 
ealeulate the value of the effective back ampere turns. 


Caleulate the value of the necessary field ampere turns 
per pole corresponding to the normal open cireuit pres- 
sure, taking into consideration that, with regard to the 
specified voltage drop, the normal excitation ampere turns 
must be about 2.5 times greater than the normal effective 
back ampere turns. 

The current density in the field winding being chosen at 
1,100 amperes per square inch, and the space factor as- 
sumed at .4, calculate the approximate necessary winding 
space of an excitation coil, x 

Allowing a maximum winding depth of 1.5 inches, calculate 
the approximate useful pole height. 
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185. 


186. 


187. 


1 88. 


189. 


190. 


191. 


192. 


Make the poleshoe height ¢ = 1 inch and collect the prin- 
cipal, established dimensions of this machine, in a manner 
similar to that shown in Par. 314 of the Instruction Book. 
A dimensioned sketch similar to Fig. 74 of the Instruction 
Book is also to be given. 


By means of Equation 21 of the Instruction Book as a 
first approximation, calculate the air gap value, assuming 
that about 70% of the normal field ampere turns are 
consumed in the air and allowing a reduction of the air gap 
of 10% on account of the effective iron section being 
reduced by the slot openings, which consideration is en- 
tirely neglected by the application of Equation 21. 


By means of Equation 26 of the Instruction Book, calculate 
the leakage factor of this alternator and see whether the 
value so obtained is in accordance with the one previously 
assumed. 


Calculate four points of the no-load characteristic for 600, 
800, 1,000 and 1,200 volts and collect the different data 
in table form similar to Table 19 of the Instruction Book. 
The different path lengths are to be taken from a full 
sized sketch, or may be calculated. 


By means of Equation 29 of the Instruction Book, caleulate 
the short-circuit constant for this alternator, determining 
first the reluctance of the armature leakage path r,’. For 
this purpose take the projecting out part of the armature 
winding 21, = 7 inches. 

By means of Equation 15 of the Instruction Book, calculate 
the ameunt of field ampere turns per pole which corre- 
sponds to the normal short circuit current of the armature. 


Plot the no-load and short circuit characteristics, applying 
the following seales: 1,000 ampere-turns = 1 inch; 250 
volts terminal pressure =1 inch; 75 amperes armature 
current = 1 inch. 


In the same. figure determine graphically the voltage drop 
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193. 


194. 


195. 


196. 


19%. 


198. 


199. 
200. 
201. 
202. 


203. 


for the normal armature current of 75 amperes and for 
a power factor of cos P = .95. 

For the full cos P = .95 load, state the required number of 
field ampere turns per pole. (To be taken from the figure 
given in the preceding question. ) 

Assuming a winding depth of 1.5 inches and a thickness of 
about .25 inch for the metal bobbin and its insulation on 
each side of the pole core, calculate as a first approxi- 
mation the length of a mean turn of the field coil. 

Taking into consideration a margin. of 16% excitation, 
ealeulate for 100 volts excitation pressure the necessary 
conductor section of the field coils and choose the most 
suitable size of wire in S.W.G. ee 

Allowing for the maximum excitation a current density. 
of 1,600 amperes per square inch, calculate the necessary 
maximum excitation current and the resulting number of 
turns per pole. 

State the most suitable arrangement of turns, and make a 
sketch half full size, of two adjacent pole pieces with 
their respective windings. For this purpose assume that 
in the radial direction the total room taken up by the 
‘pobbins and end plates is .825 inch. 

Caleulate the excitation loss corresponding to the normal 
excitation of 4,060 ampere turns per pole. 

Calculate the hot armature resistance and determine the 
armature copper loss at full load. 


Calculate the weight of the teeth, and the iron losses in 
same. 


Calculate the weight of the armature core, and the iron 
losses in same. 


By means of Equation 8 of the Instruction Book, calculate 
the full load efficiency of this alternator. 


By means of Equation 41 of the Instruction Book caleulate 
_ the temperature rise on the field coils. For this purpose 
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take the constant K = 120, on account of the field coils 
being very near together, as may be seen from the sketch. 

204. By means of Equation 40 of the Instruction Book, caleu- 
late the temperature rise on the armature. 

205. By means of Equation 39 and Fig. 64 of the Instruction 

Book, compare the economy in dimensions with standard 
designs. 

206. Collect in tabular form the different data of this single phase 
alternator. As an example take Table 23 of the Instruc- 
tion Book. | 


Printed in U. &. A. 


fyniny 


THE DESIGN OF ALTERNATING 
GENERATORS AND SYNCHRONOUS 
MOTORS. _ 


DESIGN A REVOLVING FIELD TYPE THREE-PHASE ALTERNATOR TO THE 
FOLLOWING SPECIFICATION: 


Output = 250 KVA. 

Speed = 375 Revs. 

Frequency = 50 Cycles. — 

Terminal pressure = 3,300 Volts, 

Connection of armature = Star. 

Load power factor cos Pp = .80. 

The efficiency shall not be below 92% at full inductive load. 

The voltage drop shall not exceed 16% at full inductive load. 

‘The temperature rise on any part of the machine shall not exceed 
75 degrees Fahrenheit. 

For the armature winding the long coil type in open slots is te 
be applied and the armature core is to be made up of .02 inch - 
lamine. 

For the poles .04 inch 1 lamine are to be 28 sae 


20%. Determine the necessary number of poles. 


2€8. Calculate the output of the prime mover to which this alter- 
nator has to be coupled. 


209. By means of Fig. 62 of the Instruction Book, determine the 
most suitable flux to be applied for this alternator. 


210. The number of slots per pole and phase being chosen to 2 


7 a 
and the pole are ratio to r= .65, state by means of Table 
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211. 


212. 


213. 


214. 


215. 


216. 


217. 


218. 


219. 


14 of the Instruction Book the value of the form factor 
which is to be applied in the present design. 


By means of Equation 35 of the Instruction Book, calculate - 
the necessary total number of armature ampere conductors 
corresponding to the flux already given. 


Caleulate the full load current and determine the approxi- 
‘mate number of armature conductors. 


The number of slots per pole and phase being, as already 
stated, fixed at 2, ealeulate the nnmber of conductors per 
slot. It is to be noted that with regard to a perfect 
winding arrangement the next lower, even number of con- 
ductors per slot below that obtained by calculation is to 
be taken. 


The exact number of conduetors per slot being given to the 
preceding question, calculate the corrected number of total 
armature conductors and the amount of conductors per 
phase. 


By means of Equation 38 of the Instruction Book, ealeulate 
the corrected useful flux per pole. | 


By means of Equation 37 and Fig. 63 of the Instruction 
Book, caleulate the approximate armature bore of this 
alternator. 


The armature bore of this alternator being definitely fixed | 
at D = 50 inches, check by means of Equation 38 of the 
Instruction Book the peripheral speed of the magnet 
wheel, neglecting the small difference existing between the 
armature bore and the external diameter of the magnet 
wheel, that is, the air gap. 


The allowable current density for the armature conductors 
being fixed at 2,000 amperes per square inch, calculate the 
necessary conductor section and state the most suitable 
S.W.G. size for same, but do not employ thicker wire than 
.16 inch diameter. 


Determine the most suitable slot shape, considering the good 
ratio of slot width to slot depth, and give a dimensioned 
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sketch showing the arrangement of the wires. Micanite 
insulation of .07 inch thickness and a fixing wedge of .25 
inch thickness are to be applied. 

220. Determine the mean thickness of a tooth. 

221. With reference to Fig. 27 of the Instruction Book, calculate 
the approximate effective teeth section belonging to a pole. 


w : 
222. Assuming an average pole are ratio of T= .65, and that 


about 10% of the total armature length is taken up by 
paper insulation, caleulate the resulting armature length. 
223. The armature length, including 10% for paper insulation, 
being definitely fixed to 13 inches, state its overall length, 
including 2 ventilation ducts, each of .5 inch width. 


224. With reference to Fig. 26 of the Instruction Book, deter- 
mine the necessary effective section of the armature core 
and its height above the slot. 

225. Assuming a pole core density of 95,000 lines per square inch 
and an average leakage factor of © = 1.2, calculate the 
effective pole core section and the necessary pole width, 
taking into consideration that about 5% of the pole core 
length is taken up by insulation material. 

226. The magnetic density in the cast iron rim should be about 
45,000 lines per square inch; calculate its necessary section 
accordingly. 

22%. Determine the rim dimensions, allowing 1.5 inch projcetion 
on each side of the magnet pole for support and protection 
of the field coils. 

228. By means of Formula 32 of the Instruction Book, ealeulate 
the value of effective back ampere turns. 

229. Caleulate the amount of necessary field ampere turns per 
pole corresponding to the normal open cireuit ‘pressure, 
considering that with regard to the specified voltage drop 
the normal excitation ampere turns must be about 2.25: 
times greater than the normal effective back ampere turns. 

230. The current density in the field winding being: chosen at 
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232. 


1,000 amperes per square inch and the space factor as- 


., . sumed at .4, ealeulate the approximate necessary winding 


space on one side of the excitation coil. 


Assuming a maximum allowable winding depth of 1.75 
inches, caleulate the approximate useful pole height and 


_ fix it afterward definitely at d= 5 inches. 


Make the pole shoe height c = 1.20 inches, and collect the 
principal established dimensions of this alternator in a 
manner similar to that of the previous design in the form 


-. of a table. 


233. 


236. 


sy 


As a first approximation, calculate the air gap value by 
means of Equation 21 of the Instruction Book, assuming 

_ that about 70% of the field ampere turns are consumed in 
the air and allowing a reduction of the air gap of about 20 
per cent. on account of the effective iron section being re- 
duced by the slot openings, which consideration is entirely 
neglected by the application of Equation 21. 


By means of Equation 26 of the Instruction Book, calculate 


‘the leakage factor of this alternator and see whether the 


_ value so obtained is in accordance with the one previously 


assumed above. 


Caleulate 4 points of the no-load characteristic for 2,000, 
2,800, 3,300 and 3,800 volts and collect the different data 
in tabular form, similar to that given in the preceding 
design. The different path lengths which must be known 
are to be taken from a full-sized sketch, or may be 
calculated. ; : 


By means of Equation 29 of the Instruction Book, calculate 
the short-circuit constant for this alternator, determining 
first the reluctance of the armature leakage path. For this 
purpose take the projecting-out part of the armature 
winding 21, = 11 inches. 

By means of Equation 15 of the Instruction Book, calculate — 
the amount of field ampere turns per’ pole which corre- 

_ sponds to the normal short-circuit current of the armature. 
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238. Plot the no-load and short-cireuit characteristics of this 
alternator, applying tte following scales: 
1,000 ampere turns excitation = 1 inch. 
1,000 volts terminal pressure = 1 inch. 
40 amperes armature current = 1 inch. 

239. In the same drawing made in answer to Question 238, de- 
termine graphically the voltage drop for the normal 
armature current ef 44 amperes, the power factor being 
cos P = .80. 

240. Assuming a total winding depth of 1.6 inch and a thickness 
of about .25 inch for the metal bobbin and its insulation 
on each side of the pole core, calculate as a first approxi- 
mation the length of a mean turn of the field coil. 

241. Taking into account a margin of about 10 per. cent; exeita- 

- tion, caleulate the necessary conductor section of the field 
winding for 120 volts excitation pressure, choosing the 
most suitable size of S.W.G. wire. 

242. Allowing for the maximum excitation a current density of 

1,600 amperes per square inch, ealeulate the maximum 
necessary excitation current and the number of turns 
per pole. 

243. State the most suitable arrangement cf the exc'tation turns 

3 and make a sketch, half full size, of two adjacent pole 
pieces, showing their respective windings, assuming that 
in the radial direction the total room taken up by the 
bobbins and end plates is about .80 inch. 

244. Calculate the excitation loss corresponding to the full cos 
py = .80 load of the alternator. 

245. Caleulate the armature resistance (hot) and determine the 
armature copper loss at full load. 

246. Calculate the weight of the teeth and the iron losses in same. 

247. Calculate the weight of the armature core (without the 
teeth) and the iron losses in same. 


248. By means of Fquation 8 and Fig. 25 of the Instruetion 
Book, caleulate the full lead efficiency of this alternator. 
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249. 


250. 


251. 


252. 


253. 


254. 


By means of Equation 41 of the Instruction Book, calculate 
the temperature rise on the field coils. 


By means of Equation 40 of the Instruction Book, caleulate 
the temperature rise on the armature. 

By means of Equation 39 and Fig. 64 of the Instruction 
Book, compare the economy in dimensions of this alter- 
nator with standard designs. 

By means of Fig. 14 of the Instruction Book, compare the 
weight of the armature stampings with that of an average 
standard design. | 

By means of Fig. 14 of the Instruction Book, compare the 
total weight of copper employed (armature and field wind-, 
ing) with that of an average standard design. 

Collect in tabular form the different data of this three-phase 
alternator in a manner similar to that done for the pre- 
ceeding example. 
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255. 
256. 


25%. 
258. 
259. 
260. 
261. 
262. 
263. 


264. 


265. 


266. 


MOTORS. 


What is a synchronous motor? 


Name the principal characteristic properties of a synchron- 
ous motor. 


Give the connection diagram of a three phuse synchronous 
motor receiving its current from a 110 volt circuit. 


State the principal advantages and disadvantages of syn- 
chronous motors. 


What condition is necessary in order that the motor shall 
maintain an absolutely constant speed ? 


What is the average momentary overload capacity of 
standard synchronous motors ? 


State the different kinds of starting arrangements usually 
employed for synchronous motors. 


By what means can a motor be made to start up, without 
the use of an outside starting arrangement ? 


What is the obtainable starting torque with this particular 
arrangement ? 


Calculate the input in KVA. and the current per phase, of 
an 800 H.P., 4,000 volts, 50 cycles, two phase synchron- 
ous motor, which has an efficiency of 96% at full load 
with a power factor of cos p = .95. 


State the most practical way of determining the approxi- 
mate overload capacity of a synchronous motor. 


Give the formula for the approximate maximum load 
capacity of a synchronous motor. 


ALTERNATING GENERATORS AND SYNCHRONOUS MOTORS. 


268. 


269. 


270. 


2% L. 


272. 


What should be the maximum load capacity of a synchron- 
ous motor driving a continuous, current dynamo for 
accumulator chafing? mee 8 5 Se Dake S 


Give the approximate maximum load Spats of the two 
phase synchronous ‘motor referred to in Question 264, 
when the short circuit current for normal excitation is 
163.6 amperes. 


What are the two necessary characteristics for determining 
the excitation current for different pow er factors ? ? 


What form should the V-char acteristic have with prin bi 
the steady running of a synchronous motor ? 


Define the efficiency of a synchronous motor and state the 
formula for same. 


Calculate the half load efficiency of the 450 HP. eyineleone 
ous motor, for which the different losses are indicated in 
Fig. 95 of the Instruction Book. The power factor being 
assumed equal to cos pg = 1. 


DESIGN A REVOLVING FIELD TYPE TWO-PHASE SYNCHRONOUS MOTOR 


TO THE FOLLOWING SPECIFICATION, 


Output = 300 HP. 
Speed = 240 Revs. 
Frequency = 40 cycles. 
Terminal pressure = 2200 volts. 


Connection: Two independent circuits. 
This motor to be capable of carrying a leading current of cos p 
= .90 at full load. 

The efficiency shall not be below 91.5% for the specified working 
conditions. 

The temperature rise on any part of the machine shall not ex- 
ceed 75 degrees Fahrenheit. 

The momentary overload capacity shall be about, 2.25 the 
normal capacity, the motor being normally excited. 

For the armature the long coil type in open slots is to be applied, 
and the armature core is to be made up of .02 inch laminae, 
whilst for the poles .04 inch laminae are to be applied. 
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i273. By means of Equation 7 of the Instruction Book, calculate the 
its A necessary number of poles. 


274. Calculate the electrical input at full load, the armature carry- 
ing a leading current of cos. p = .90. 


| 27 5. By means of Fig. 62 of the Instruction Book, determine the 
| most suitable total flux to be applied for this two-phase 
synchronous motor. 


2'%6. With two slots per pole and phase and a pole arc ratio of = 


= .60 state by means of Table 14 of the Instruction Book 
the value of the form factor which is to be applied in the 
present design. 


27 %. By means of Equation 35 of the Instruction Book, calculate 
| the necessary total number of armature conductors cor- 
responding to the flux determined. 


278. Calculate the full load current per phase and determin the 
approximate total number of armature conductors. 


279. The number of slots per pole and phase being 2, as already 
pointed out, calculate the number of conductors per slot. | 
It is to be noted that with regard to a perfect winding ar- 
rangement the next higher, even number of conductors 
per slot above that obtained by calculation is to be taken. 


280. The exact number of conductors per slot being given in 
answer to the preceding question, calculate the correctéd 
number of total armature conductors and the amount 
of conductors per phase. 


281. By means of Equation 33 of the Instruction Book, palsulate 
the corrected useful flux per pole. 


282. By means of Equation 37 and Fig. 63 of the Instruction Book, 
calculate the approximate armature bore of thie synchro: 
nous motor, 

283. The armature bore of this machine being definitely fixed at 

pyle.» D==71 inches} check; by means of Equation 38 of the In- 
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- struction Book, the peripheral speed of the magnet wheel, 
neglecting the small difference existing between the arma- 
ture bore and the external diameter of the magnet wheel, 
that is, the airgap. 


284. The maximum allowable current density for the armature con- 
ductors being fixed at 2,000 amperes per square inch, 
calculate the necessary conductor section and state the 
most suitable 8. W. G. size for same, but do not employ 
thicker wire than .16 inch diameter (bare). Calculate also 
the resulting total number of wires to be placed in a slot- 


285. Determine the most suitable slot shape, taking into considera- 
tion the ‘‘good ratio” of slot width to slot depth, and give a 
dimensioned sketch, showing the arrangement. of the 
wires. Micanite insulation of .06 inch thickness and a 
fixing wedge of .25 inch thickness are to be applied. 


286. Determine the mean thickness of a tooth. 


287%. With reference to Fig. 27 of the Instruction Book, calculate 
the approximate effective teeth section belonging to a pole. 


288. Assuming, as already mentioned, an average pole arc ratio of 
_ = .60, and that about 10% of the total armature length 


is taken up by paper insulation, calculate the resulting 
armature length. 


289. The armature iron length, including 10% for paper insulation, 
being definitely fixed to 9.5 inches, state the overall length 
of same, making provision also for two ventilation ducts, 
each of .5 inch width. 


290. With reference to Fig. 26 of the Instruction Book, determine 
the necessary effective section of the armature core and its 
height above the slot. 


291. The pole core length being fixed at 9.5 inches and assuming & 
pole core density of 95,000 lines per square inch and an ay- 
erage leakage factor of o 1.20, calculate the effective 
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pole core section and the resulting pole width, taking into 
consideration that about 5% of the pole-core length is 
taken up by insulation material. 


292. With an average magnetic density in the cast iron rim of B,= 
45,000 lines per square inch, calculate its necessary section. 


293. Determine the rim dimensions by allowing 2.25 inches pro- 
jection on each side of the magnet pole for support and 
protection of the field coils. 


294. By means of Equation $1 of the Instruction Book, calculate 
the value of effective back-ampere-turns. 


295. Calculate the value of the necessary field ampere turns per 
pole corresponding to the normal open circuit pressure, 
considering that with regard to the specified momentary 
overload capacity the normal excitation ampere turns 
must be about 2.25 times greater than the normal effective 
back-ampere-turns. 


296. The current density in the field winding being chosen at 1,300 
amperes per square inch and the space factor assumed at 
.40, calculate the approximate necessary winding space on 

one side of an excitation coil. 


297. Assuming a maximum allowable winding depth of 1.5 inch, 
calculate the useful pole height. 


298. Make the poleshoe height c=1.2 inch and collect in tabular 
form the principal dimensions of this synchronous motor 
thus far established, in a manner similar to that of the two 
preceding alternator designs. Give also a dimensioned 
sketch similar to Fig. 74 of the Instruction Book. 


299. Asa first approximation, calculate the air gap value by means 
of Equation 21 of the Instruction Book, assuming that 
about 70% of the field ampere turns are wasted in the air 
and allowing a reduction of the calculated air gap of about 
15% on account of the effective iron section being reduced 
by the slot openings, which consideration is entirely neglect- 
ed by‘the application of the Formula 21. 
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300. By means of Equation 26 of the Instruction Book, calculate 


the leakage factor of this synchronous motor and see 
whether the value thus obtained is in accordancé iene that 
assumed above. 


301. Calculate 4 points of the no-load characteristic, for 1,000, 


~ 1,800, 2,200 and 2,500 volts and collect: the different data 
in tabular form, similar to Table 19 of the Instruction 
Book. The path lengths which must be known for this 
purpose are to be taken from a full-sized sketch or may be, 
calculated. 


_ 302. By means of Equation 29 of the Instruction Book, calculate 


the short circuit constant for this synchronous motor, 
determining first the reluctance of the armature leakage 
path. For this purpose take the projecting-out part of the 
armature winding as 27, —9 inches. 


303. The short circuit constant being calculated as ad) 16, deter- 


mine by means of Equation 15 of the Instruction Book the, 
amount of field ampere turns per pole which correspond to 
the normal shortcircuit current of the armature. 


304. Plot the no-load and short circuit characteristics of this 


synchronous motor, applying the following scales: — > 
1,000 ampere turns per pole ='1 inch. 
500 volts terminal pressure = 1 inch. 
50 amperes short circuit current = aS inch, 


305. In the same figure determine graphically the V-characienae 


and therefrom state the necessary’ ‘amount of excitation 
ampere turns corresponding to the normal armature current 
of 61.8 amperes with a leading power factor of cos. p=, .90 


306. Assuming a total winding depth of 1.4 inch and a thickness of 


about .25 inch for the metal bobbin together with its in- 
sulation on each side of the pole core, calculate as a first 
approximation the length of a mean turn of the field coils. 


307. Taking into consideration a margin of about 10% in éxcitation, 


calculate for 255 volts excitation pressure the ‘necessary 
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conductor section of the field coils and choose the most sui- 
table size of S. W.G. 


308. Allowing for the maximum excitation a current density of 1600 
amperes per square inch, calculate the maximum neces- 
sary excitation current and the number of turns per pole. 


309. State the most suitable arrangement of the turns and make a 
sketch 4 full size of two adjacent pole pieces showing their 
respective windings. for this purpose assume that in the 
radial direction the total room taken up ies the bobbin and 
end plates is about 1 inch. 


310. Calculate the excitation loss corresponding to the full cos Pp 
= .9 load. 


311. Calculate the warm armature resistance and determine the 
armature copper loss at full load. 


312. Calculate the weight of the teeth and the iron losses in same. 


313. Calculate the weight of the armature core and the iron losses 
in same. 


314. By means of Equation 43 and Fig. 25 of the Instruction Book, 
calculate the efficiency, at full load, of this synchronous 
motor. 


315. By means of Equation 41 of the Instruction Book, calculate 
the temperature rise on the field coils. 


316. By means of Equation 40 of the Instruction Book, calculate 
the temperature rise on the armature. 


317. By means of Equation 39 of the Instruction Book, calculate 
the output coefficient of this synchronous motor. 


318. Collect in tubular form the different data of this synchronous 
motor. 
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